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ELECTRONICS AND ELECTRICAL ENGINEERING

UDC 621,391.2

DIGITAL DETECTION OF INCOHERENT PULSE SIGNALS FOR THE CASE OF A CHANGING
NOISE POWER

Kiev IZVESTIYA VUZ RADIOELEKTRONIKA in Russian Vol 21 No 7, 1978 pp 11-18

[Article by K.K. Vasil'yev, manuscript received 29 Mar 77, following re-
vision 21 Dec 77]

[Text] Optimal and quasioptimal algorithms are synthesized
for the detection of signals in the case of a changing
noise dispersion. The asymptotic effectiveness of the
proposed processing rules is determined with respect to an
optimal signal detector for the case of a known interfer-
ence power,

Situations are frequently encountered when detecting radio signals against a
background of interference in which the dispersion of the noise is unknown,
and can vary during the time needed to make the observations. In this case,
an effective solution of the detection problem can be found if in each j-th
signal postion (J = 1, N) the observer positions a set of n independent
readouts {x } 1» made in the region of the interference (Figure 1), in
addition to ghe readout of the input process xp; in the region of the supposed
signal, In this case, the difference ("contrast") between the noise and use-
ful signal readouts is employed for the detection.

A large quantity of literature devoted to the problem considered here con-

- tains research cn optimal algorithms for signal detection for the case of an
unknown noise dispersion, but where the dispersion is constant within the
limits of all of the reference readouts {{xij}i=l]3=l'

In this paper, the noise immunity of quasioptimal rules for p.ocessing signals
having binary and multilevel amplitude quantization is synthesized and ana-
lyzed. The detectors which are found maintain their effectiveness even in the
case where the dispersion of the interference remains constant only for the
readouts {xij}i=l’ which correspond to one signal position.
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Optimal Algorithms oy

N R o <o Tou < s Xmaw Xt

The synthesis of the detection rule
J 4 7 Ty g Renay Xy in the problem considered here with
o unknown and changing values ﬁf the
interference dispersion {¢§}y_; can
be accomplished in various ways, the
most acceptable of which is the fol-
lowing: the method of maximum like-
lihood [1], the empirical theory of
[2] or Bayyesovskiy's approach [3].
Considering the agreement in practice of the synthesis results using these
methods, we shall consider a shorter path, which consists in using
Bayyesovskiy's approach. In this case, the unknown values of the dispersions
_ are treated as random quantities with distribution densities of {w(o,)}.
By assuming the continuity of the true distribution laws, it 1is expedient to
choose "nondistorting, improper" distributions as the a priori densities [3]:
{w(oy) =1, o5 > O _,
J J="4=1
We shall likewise write the expressions for the combined distributions of the

readouts {{xij}2=0}§=l in the presence of a signal which fluctuates in ampli-
tude:

'}’ Xy KXyove Ko oosXmnt X

Figure 1. The realization of the in-
put random process.

N n 2

Xo) x5 LT 8

w60 = [ 55 o~ w09 r,l e
Joml I=-

And for the case of a sigral with a constant amplitude -
N n
2 5o 2
Yoy X3 2 Vo\TT 20 ulll
=1y 1)
f=1 . fom!

where s is the power signal to noise ratio; Ig(*) is a modified zero order
Bessel function [4].

By writing the likelihood ratio A = wy (x; 8)/wy(x; s = 0), where

oo © N
w(is)={.. {w() [Nw(o))doy,
0 [ . J==1

following integration, we find a procedure for signal detection which is op-
timal in the sense of the Neumann-Pearson criterion: -

T [>Ao — cHraan ectb, Signal present
<A~ curHana net, Signal absent,

where Ay 1s a constant quantity, which is chosen from the specified false
alarm probability. 1In this case, for the model of a signal with a random
amplitude statistic:

2 .
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N
M
T= Z (l+sl+l+s)

Joel

1)
where Nt/ S,
il
For the model of a signal with a constant amplitude:
N
- S VR [ =05y 15 = AL

T ,len{exp( 1+A,)‘F‘[ (n—0,5) 1, 5 (2)

where 7j[o; B; 8;) is a degenerate hypergeometric function [4].

The resulting formulas determine the critical regions of the local optimal
algorithms, since in the case considered here, a uniform detection rule of
the greatest power does not exist for any values of s, where s << 1 detect-
ors for signals with random and constant amplitude coincide. It can be shown
that in this case

N
T=3h/(141). )

=l

An important specific feature of the procedures found here is the monotonic
dependence of the terms in formulas (1) - (3) on the value of the statistics
Aj. This permits writing a general detection rule with M-level amplitude
quantization for the two signals models:

N M-} Sk g&rgnrglzll reaent
ZLR,,U[A,—kpw[km of b )
=1 peal gigna a?)sent

where {k_} are the quantization levels; ky = =; kg is the detection threshold;
is thg welghting factor of the p-th level; Ufx] = 1 when x > 0 and U[x] = 0
if x-< 0. :

The optimization of the derived rule (4) consists in finding a maximum of the

correct detection probability for all values of the parameters {Rp } and
with the supe'lmposed condition for false alarm probability that

F?{ } -1 1 kg) = const. An investigation of this problem shows that the

effectiven ss of the algorithms will practically not change if values are

chosen from the natural number series { '1 as the optimum set of

weighting factors., In this case, detection ruge (4) is simplified and can

be written in the form:

N M=t
3y ksl 2 Ko.
=t p=l

5)
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Quasioptimal Algorithms

The resulting digital signal detection algorithm (5) also makes it possible to
find a number of simple quasioptimal procedures,' For this, we shall consider
the critical region of the p-th quantization level:

n
Aj—kp=0 wuan xgl—k,,zxfl-:-o.
oY =l
It is not difficult to see that the latter formulais the equation of a come
in the n + 1 measurement space.

We shall construct a hyperpyramid, circumscribed around the cone, as the sub-
optimal critical region. For this, we draw n tangential planes, the inter-
" section of which form the suboptimal region (Figure 2)., Since the rotation
of the system of coordinates about the general xg, axis of the cone and the
pyramid does not change the quality of the procesging procedure, we shall
choose that postion of the system {Xia} for which the planes contain the
}

b}
straight lines {xoj = /lgxij; {xkj = E=l’ k # i}r{=l’ formed by the inter=-

section of the coordinate surfaces {0xQjxjj} with the surface of the cone
(0A; and OAy in Figure 2). In this case, the conditions of the system of
hyperplanes can be specified by the simpler equations {XOj - YpXiy = 0}‘;‘:1,

where yp = /E;.

It is not difficult to convince oneself that the sample point {xij }:=0 is
located inside the pyramid if any of the following conditions are met:

n
o) >.‘Vp!51"qu wa {x > ‘Yt-xu):‘_, v B 3 Ulxy —ypxy]=n,
or (o} Sy et

where supx is the value of the greatest of the readouts of {x mo.
P X1 il S RS

Three comparatively simple quasioptimal signal detection rules follow directly
from these relationships: )

N M= ‘
3 3 Ul —vpsup )2 Ko. ©
Jms] pesl

N M1 n

2 z ﬂ Ulxoy— 'pru]z K, )

Jusl pral feml
N M-l n

3 S| 3 Ul — el — n]zxo. ®

Jml p=i (=]

which are based on a pair by pair comparison of the readout in the region of
the proposed signal X04 with each of n reference readouts of the interference
{Xij }-

4
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n
vpe=" U ¥o; — yp¥u)
By noting that binary quantization of the statistic ﬂﬁ with
respect to the level n is employed in the latter algorithm, one can write
one more suboptimal detection algorithm, which was studied in the literature

[5):

S 30—kl 2 Ko
A.Z 0 < (9

- fual pral {wsl

in which supplemental quantization of the statistic vp is excluded and new
values of the quantization levels (hp} are introduced,

Shown in Figures 3a and 3b are block diagrams of .the resulting algorithms

(6) and (7) for the case of M-level amplitude quantization. As can be seen
from the drawings, the main operation is binary quantization of the readout
X0§» multiplied by constant coefficients a} = 1/71, 4y = Y1/YZ’ ces

Oyl = YM-Z/YM—l’ and of the readouts {xi by means of the comparators K.
In this case, it is simplest to realize alg hm (6), the circuit of which
contains an M=l comparator and a sup block for segregating the largest of

the interference readouts,

1=1
orit

The block diagrams for algorithms (8) and (9) differ from the circuit of
Figure 3b only in the changes of the elements of block L (Figure 3c and 3d).
Nonetheless, it should be noted that to construct the detection rule o,

it is necessary to increase the volume of the memory n times, since the
maximum number written into the adder at the j~th signal position is equal
to n(M-1).

The method treated here for constructing
suboptimal critical regions provides for
invariance of the signal processing rules
with respect to linear transformations
{f(xj) = cyXy, C4 > 0} of the small

samples ;3 = {xij}gao being analyzed.

Therefore, the derived algorithms (6)
- (9), just as the optimal ones, are
stable when the dispersion of the input
process changes., Along with this, it is
not difficult to show that the class of
possible transformations of {f(x)}, which
preserve the level of the threshold signal
. for quasioptimal algorithms is considerably
Figure 2, Optimal and quasi opti- broader than the class of linear trans-
_ mal critical regions in  formations. In fact, if F(x) and F(xg)
three~dimensional space are one-dimensional distribution functions
(n=2), of the readouts x 33 121 and xg3, then
the probability o% exceeding the ghreshold
level y_ for procedures (6) - (8) can be
written in the form:

5
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P [ drtarea,

x< fxy ’

where B = l/Yp.

Correspondingly, the probability of exceeding the threshold YB’ following
the transformation x = f(x), is:

! e n — "y '
g 5 (z<‘£.vdF (2)) aF (20) S (I(x‘Ki(x.)wdF (x)) F e
where ¢(B) = l/Yé-

Thus, P = P' for all of the transformations which satisfy the functional
equation f(Bx) = ¢(B)f(x). The resulting equation is easily reduced to the
well-known one g(Bx) = g(B)g(x) by means of the substitution* g(x) = £(x)/£(1),
where the well-known equation has the unique solution g(x) = x! where x > 0.
Since the analysis carried out here is justified for any (j-th) signal po-
sition, tle class of transformations of the input process which preserxe the
level of the threshold signal can be written in the form {f,(x) = cix"J,

ey >0, uy # 0}, Thus, suboptimal algorithms (6) - (8) have specified non-
parametric properties which favorably distinguish them from optimal ones

which are invariant only with respect to scale transformations.

Fal
| Signal

------ J Pregent
Ko cunon .
emSignal
Absent

Figure 3. Structural configurations of quasioptimal algorithms.

* The presupposition £(1) # O does not narrow the class of transformations,
since in the contrary case, £(x1) = ¢(x)£(1), and consequently, £(x) = O.

6
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The Effectiveness of Optimal and Quasioptimal Algorithms

To assess the quality of the algorithms which were found, for the case of a
large number of signal postions N, we shall make use of the criterion of
their asymptotic effectiveness (OAE) with respect to an optimal rule for
signal detection for the case of completely known interference parameters,
Since the law governing the distribution of the accumulated sums for all of
the algorithms considered here approaches a normal law in step with an in~
crease in N, the calculation of the QOAE can be accomplished from the fol-

lowing formula [6]: p= Nligl No/N=,}Lf2[0m|{T}/GS]Z _ /N2,

where Ng 1s the number of signal postions being analyzed for an optimal de-
tector for the case of a constant noise power; m;{T} is the mathematical
mean value of the statistic T 1n the presence of a useful signal; om is
the dispersion of T in the noise region. We shall find the OAE of the
signal processing rules (4) = (9) for the extreme cases M -~ ® and M = 2.

When M + =, the effectiveness of all of the detectors considered here coin-
cides with the OAE of optimal algorithms based on statistics (1) - (3).
To_find the magnitude of the effectiveness, we note that the sgﬁtistic Aj

2
takes the form of the ratio of two random quantities x%j and ;:xﬂ'

which when s << 1, follows a gamma distribution., By using the well-known
rules for the composition of probability laws, we find the following formula
for the distribution density of Aj:

wk)=n/( +5)[1 -+ 4/(1 + ),
which i1s justified for the model of a signal with an unknown amplitude where
s << 1, while for a fluctuating signal, for any values of s. Following
this, it is not difficult to compute the dispersion and the mathematical
mean of the statistic (3) and to derive an expression for the OAE of optimal
algorithms (1) - (3).

= n .
e n+ 2

when M = 2, the formulas for the OAE of optimal algorithms (4) and (5)
pp = k(1 + R [(1 + B — 1]
And quasiobtimal algorithms (6) - (8)
n 2 n
- [}‘_(ﬁ/aw»] /[n (1 + /0 — 1}
f= te=l

are found in a similar fashion. We will note that in the case considered
here of binary quantization, when y = 1,0, the resulting detection rules (6)
~ (8) coincide with the well-known nonparametric criterion of [7] which has
an effectiveness of

7
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Po“Po(?'“-’l)'-“',!;(le:‘-).

(L]

and 1ls substantially lower than p, (Figure 4). A comparison of the optimal
valuen of the threshold level y (Table 1) with the values y = 1, 0, used in

paper [7], explains the small level of effectiveness pp for large values
of n,

Also shown in Figure 4 are the OAE's of the processing rules considered here
calculated on a digital computer as a function of the number of reference
readouts n in the interference region, for the corresponding values of the
optimal threshold levels y, k and h (Table 1). In this case, formulas
derived in the literature (5] were used to calculate the effectiveness p

of detection rule (9). An analysis of the results presented here allows

the following conclusions,

1, The least amount of loss with respect to the
cagse of completely known interference parameters

T is determined by the effectiveness of pg of rules
08 —t=0, A p ] (1) = (3). These same values of the effectivene
A la neg'- are achf aved when using algorithms (5) =
06 Y (9) with multile. 1 amplitude quantization if
/ ’ M+ o,

/
o
A

2, A substantial simplification of the detectors

I~ can be achieved by using amplitude quantization
) ™ with a small number of quantization with a small
I'2 50X XMW Wa  pumber of levels, In this case, the requisite
' increase in the sample volume with respect to
Figure 4. “2: a:i:z:oticof the case of M + », even for the case of binary
:hees :1ma§85 quantization, amounts to 1,31 -~ 1,56 times,
ang uasigogi- depending on n., This loss falls off rapidly
:31 q Jng with an increase in the number of quantization
al oﬂ!éhgg as a”D levels, For example, when n = 1, the effect~
fuﬁction of the iveness of algorithms (5) - (9) is practically
aumber of refer— equal to the maximum amount, if the number of
ence interference quantization levels is M > 4 (Table 2).
readouts.
Table 1
nl i 2 3 5 10 20 | 50 l 100 oo
y | 1.00] 0,9 0.86 0,m 0,72 0,65 0,59 0.5 |0,00
k ]1,00] 079 0,6 0,54 0,39 0,28 0,17 0,14 0,00
A 11,00] 1,10 1,19 1,27 1.45 1,67 1,95 2,24 co
8
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Table 2
M 2 3 4 I 5 6 ? -5
p 0,26 0,30 0,31 | 0,32 0,32 0,33 0,33
3+ A comparigon of the effectiveness of the optimal algorithms (4) and (5)

and the simple quasioptimal algorithms with multilevel quantization shows
that the amount of the losses does not exceed 9%, A comparatively high

of

1,

2,

3.

4.

5.

7.

effectiveness pg for detection rule (9) is achieved at the cost of somewhat
n

an increase the memory volume.
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ELECTRONICS AND ELECTRICAL ENGINEERING

Unc 519.2
TWO-STAGE SEARCH FOR A MOVING TARGET
Kiev IZVESTIYA VUZ RADIOELEKTRONIKA in Russian Vol 21 No 7, 1978 pp 40-44

(Article by A.F. Terpugov and F.A., Shapiro, manuscript received 28 Mar 77,
following revision, 10 Nov 77]

(Text] A modified algorithm for two-stage target search
in a multichannel system, which takes into account the
gshifting of the target from channel to channel, is pro=-
posed and investigated.

For target search problems in a multichannel system, the most usual method
is the sequential examination of the channels, where a decision is made con-
cerning the presence or absence of a target in each of them, The appearance
of inertialless switching devices and antennas with electrical beam sweep,
which permit the practically instantaneous connection of the search device
to the output of any channel, have made it possible to use more effective,
even more complex algorithms for target search, Thus, a two-stage target
search algorithm is proposed in [1] for a multichannel system, which con-
sists in the following.

In the first stage, all of the channels are examined sequentially, one after
the other for a certain time tg, which is less than the time t; needed to
make a decision concerning the presence or absence of a target in the channel.
The value of the logarithm of the 1ikelihood ratio is measured for each
channel, and this ratio is stored.

All of the channels are ordered, based on the decline in the measured values

of the logarithm of the likel hood ratio, i.e., the channel with the maximum

logarithm of the likelihood ratio is given the number 1, while the channel with
the minimum logarithm of the likelihood ratio is given the maximum number.

In the second stage, the channels are each examined the order of increase

in their numbers for a time t,, and in this case, a decision is made concern-
ing the presence or absence o% a target in each of them,

However, this method of target search, just as the algorithms, which are pre-
sented in [2, 3, 4], do not at all take into account the fact that over the
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time between the prellminary and the [inal examination, the target can shife
from one channel to another (for example, a radar target can move from one
part of the scanning sector into another),

A nodification of the algorithm presented in (1} 18 treated in this article,
which permits accounting for the possible movements of the target from one
channel to another during the time between the preliminary and final exam-
ination., For this, it is proposed that following the preliminary examinations
stage, the values of the logarithm of the likelihood ratio be recomputed from
the following formula: N
Uy = 2 Qintin

kel
where u) is the measured value of the logarithm of the likelihood ratio in
the k-th channel; q,i are certain coefficients, which depend on the rate
at which the target”shifts from one channel to another; u} is the recomputed
value of the logarithmof the 1ikelihood ratio in the j=-th channel. The
channels are to be ordered with respect to decreasing values of ul, rather
than the quantities u,. The case studied in this paper is that where during
the time between the sreliminary examination of the channel and its examination
in the second stage, there is a probability of 1 - p that the target can re-
main in the same channel where it was, and a probability of p/2 that it can
go to the next channel to the left and a probability p/2 that it can shift
to the next channel to the right, while the recomputation of the values of
the logarithm of the 1ikelihood ratio 1s carried out from the following
formula:

wy=qu_+(1—2)u+qu,,, 0<g<l/2 1)

It is apparent that this model of target motion corresponds to reality only
for the case where it travels sufficiently slowly through the channels., For

a more precise study, its transtion to channels removed by 2, 3, etc. channels
from the initfal channel would have to be taken into account, The formulas
derived in this case will be similar to those given in the article, only in
enormously more complex.

One of the most important characteristics of a detection system is the time
transpiring between the start of the search and the selection of the channel
with the target (the target detection time)., Before moving on to finding the
time for detecting the chainel with the target, we shall introduce the re-
quisite symbols. We shall assume that there are N channels in all (N >> 1),
and the target can be located only in one of them. We shall sssume that there
is one search device. Just as in [1, 4}, we shall assume that the measured
values of the logarithm of the likelihood ratio are normal random quantities
with a dispersion of 2ptg and a mathematical mean value of + uty depending

on whether the target is in the channel or is not there. Here p is a quanti-
ty which characterizes the channel and has the sense of the signal to noise
ratio, while ty is the time for the preliminary examination of each channel.
Since the ordering is now carried out with respect te the quantities uj from
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(1), the conditional average time for detecting the channel with the target,
given the assumption that during the preliminary examination the target was
in the channel with the number 1, is equal to:

c"mo'i"n[l’uz S 5 P(“;-“/)d“;d“/

15 ”;-u ul.u‘

+ 2 P 2 S s (“p “g) d“'d“; ] + b

Aot I+A u;__.. u,-u‘

@)

where p(uj, u') ls the combined probability density for the quantities u

and “k' The firat term in (2) is the time set aside for the preliminary
examination. The second term, takes into account the shift of the target
from one channel to another, represents the time needed to study those chan-
nels without the target, which proved to be in front of the channel with
target following ordering. The first term in the square brackets appears

if the target remained in the same channel where it was between the prelim-
inary and the final inspection. The second term will appear in the square
brackets in (2) if during the time between the preliminary and final in-
spection, the target moved from the channel with number i to the channel
with the number k . The third term in (2) is the time which goes for study-
ing the channel with the target in the second step.

We will note that it is assumed in the derivation of this formula that the
gsecond step is terminated with the correct decision on the presence of the
target in one of the channels, In actual fact, if the probability of mis-
sing the target is equal to B, then the average time for detecting the target

is Ti=t4+0—-pT 2"5 where T 4s the time for a complete scan cycle. By
transforming this expression to the form:

To=fi+ri5T
we see that a relative error on the order of B has been admitted in formula

(2), which can be neglected for small values of 8.

It follows from (1) that u! are normal random quant:i.ties
with the dispersioa: Alu}=2a(l —494-6¢) Vi

with the average value:
0(1—49) AN [=i,

—a(l—2) » jm=ig],
—a > [t l1

ll; =

. 12
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2

FOR OFFICIAL USE ONLY

and with the covariation:

_ 1~ 49460 nan kemj,
2N 2q(l—2q) » k=,:tl|
cov (1, ) = 2a 2 > kemjk2
0 for the remaining k,

Taking these characteristics into account, in which a = utg, performing un-
complicated transformations and taking into account the fact that Pyy ®
= 1 = pyi while pyy = p/2 for |1 - k| = 1, we find that:

Fm Nty o+ 1, {(1 —p) Im(-— Va —-’_:—31;_—__-) +

Vi—t5+ 67
+20(~ Vi g+ W—910(~ Vi e +
+”["f 4.0(1/5 - l-l-_sqa?a-w )W(_VEV_—_#W)“L

3

e M e 7o)
here @ (f) = (2n)"" g' ¢~ dx.

Designating ut; = a1, introducing the quantity ut/N in the analysis and going
to the limit where ﬁ + o in (3), we find

T=limpt/N = | —p)®{— -__ﬂ__
i e

+P°(-V5-l,—]:——:’___*_—6,;-)]. %)

We will note that the average detection time for the channel with the target
using the algorithm presented in [1] is derived from (4) when q = 0, some=-
thing which corresponds to the situation where the ordering is carried out
in terms of decreasing values of uys and not u!, 1In this case:

i
Tp=a+a((l —p®(—Va)+p/2]. (5)

In the following, we will compare the algorithms studied here with the search
procedure presented in [1], since it is a modification of the algorithm of [1].

We shall now move on to the minimization of the average detection time for
the channel with the target. It is not difficult to see that the quantity
T in (4), treated as a function of the parameters q and a = c“, has a mini-
mum with respect to this variable, and by choosing the value of the parameter

q in the best fashion, one can achieve a decrease in the average detection
time,
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Figure 1. Figure 2,

The optimum values_of the parameters q and ¢ are derived from the equation
tions 3t/9q = 0, 3t/dc = 0, which take on the form:

QQ(p( e(l —29) )

p= =2 L=t ®
200 (=24 \ g ¢ _\'
W(V1_4q+—5—q,-)+< 2"’“’(V1—4q+6a2)
o= 2% VI—tgFo¢ ™
- _ c(1 —2q) cq ‘s
(=0 =2)e( 0 +eqz)+”""’(_“—w_ ) _w)

We shall compare the proposed algorithm with a two-step algorithm, which does
not take into account target motion, and which is derived from our's if we
set q = 0, In this case, the optimal value ¢ = ¢; is found from the equation
arplac = 0, which has the form:

—
B (B Ty | ®)

The advantage gained in the average detection time is equal to
A== . cf‘*‘“l[("ﬁ)o(—ct)+l’/2]

et nol i e (]

Equations (6) - (8) were solved numerically: by specifying a = ¢? and P»

q was found from (6), and then a was found from (7) and c; was found
from (8). Shown in Figure 1 are values of A as a function of a; for vari-
ous values of p, from which it follows that because of the time optimization
of the preliminary inspection, the average detection time is curtailed by

an amount which can reach 60Z. We will note that only is the average target
detection time curtailed, but also the complete scanning cycle time, Shown
in Figure 2 is q as a function of p for different values of a = utg, from
which it can be seen that the quantity q increases monotonically with an
increase in p, where the result is q = 0 at p = 0 ({.e., the original
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algorithm preserted in (1] is obtalned for a gtationary énrget). und when
P=L1, q= 05, The dependence of q on p for various values of a does
not deviate very sharply from the function q = p/2,

Thus, the algorithm modification proposed here, which takes into account the
shifting of the target from channel to channel, can rather substantially
curtall the average target detection time,

l.

3.
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PHYSICS

UDC 621.372.8.09

SURFACE WAVES IN DISTRIBUTED-COUPLING INTEGRATED OPTICS COMPONENTS (REVIEW
ARTICLE)

-Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 5 No 11, Nov 78 signed to press
3 Apr 78 pp 2309~2331

(Article by Yu. A. Bykovskiy, V. L. Smirnov and A. V. Shmal'ko, Moscow
Engineering-Physics Institute)

[Text] A survey of the literature devoted to the interaction
and transformation of surface waves in distributed-coupling
integrated optics elements is given. A general description
of distributed coupling of surface waves in thin-film wave-
guldes (TPV) is given and their interaction and transforma-
tion in waveguides with periodic modulation of parameters
are considered in detail. The various types of periodic
modulation of TPV parameters are considered and comparative
analysis of them is conducted. The main components and de-
vices of integrated optics circuits based on diffraction-
grating periodic structures are considered. The possibili-
ties of using "aperiodic" grating structures in integrated
cbjects are shown and devices with tunnel distributed coup-
ling are considered.

Many phenomena in physics and engineering can be regarded as coupled wave
phenomena [1]. fThere is also a large number of phenomena of distributed
coupling of surface waves in components and devices of various functional
designation in integrated optics. They include radiation scattering on' the
irregularities of dielectric thin~film waveguides (TPV), diffraction trans-
formations of surface waves on grating structures and directional branching
of power, mode conversion and nonlinear interactions. Of greatest interest
in integrated optics are devices and components developed on the basis of
the phenomena of coupling and interaction of surface waves in TPV with
periodic modulation of parameters which find application in development of
active devices -- distributed-feedback (ROS) and distributed Bragg-mirror
(RBZ) lasers -- and in development of various passive devices -- filters,
radiation matching components, mode conversion components, diffraction
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modulators and deflectors and also for spatial-selective radiation filtratioen
in TPV. Many of the devices enumerated above may find extensive application
in optical communications lines (OLS) based on fiber light guides.

A general description of distributed coupling of surface waves in TPV is

gliven and the interaction and transformation of surface waves in waveguides

with periodic modulation of parameters are considered in detail. The main

components and devices of integrated optics circuits based on periodic

grating structures are considered. The possibilities of using "aperiodic"

grating structures in integrated objects are shown and devices with tunnel
* distributed coupling are corsidered.

1. General Description of Distributed Coupling of Surface Waves in TPV

Many problems of waveguide optics, primarily concerning exchange of power
between TPV surface waves (modes), can be considered on the basis of coupled
wave theory [2-5]. According to this approach, the resulting wave caused by
perturbation of TPV parameters is written in the form of the sum of unper-
turbed modes whose amplitudes vary along the direction of propagation z due
to some intermode coupling and it is assumed that variation of amplitudes

by z are small at distances on the order of the wavelength. In the general
case the theory of coupled waves considers the relationship between wave-
guide modes which form a complete orthogonal system, i.e., in the case of
TPV their number also includes radiation modes. For most types of interac-
tion of coupled waves, TPV are limited by two-wave approximation when the
interaction of only two surface waves are taken into account for which the
condition of phase synchronism is fulfilled and for which a significant
exchange of power is provided, and other waveguide modes are disregarded.

We shall subsequently distinguish the coupling of two waveguide modes from
mode coupling with radiation modes and also homogeneous' and: hetero-

geneous coupling of waveguide modes,

Let us consider two electromagnetic surface waves of TPV, which are the
- natural modes of an unperturbed waveguide:

an(2, )=A,, exp li{wt—p,2)],
bn(z, =B, exp li(wt:pa2)l, (1.1)

4
where Am and B are complex wave amplitudes and f’m and /5n are their con-
stant propagation. Coupling and exchange of power between modes am and bp
in the direction of their propagation occurs in the presence of perturbation
in TPV and amplitudes Ap and Bp become dependent on z. In most cases of
interest to us, perturbation in TPV may be represented in the form of a
distributed polarization source, while the process of power coupling and
exchange between modes itself may be regarded as interaction of surface
waves with polarization waves. The propagated mode ap interacts with the
disturbance and gives polarization to the wave which acts on mode b. In
similar fashion mode b, acts on mode ap.
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For homogenaous interaction of waves (1.1) (the minus sign in the ex-
ponent in (1.1)) when their group velocities are directed in the same direc-
tion, the coupled wave equations may be repreosented in the following form
{4, 5]

dA,,‘/dz‘-:-—l‘kmnB" exp (—.2"62)’ (1.2)

dB,/dz=—ik,,A,, exp (2i62), (1.3)

where the coupling constant k is determined by the type of specific distur-
bance which leads to coupling of the waveguide modes and & characterizes
misalignment of the interacting waves from phase synchronism and depends on
the difference M - ﬁn and the spatial variations of the disturbance
(rather on the difference of the constants of excited wave propagation and
exciting polarizations 2 d = gAN, g = 2.7/), and AN is misalignment by
the effective refractive index of TPV). It follows from the law of conserva-
tion of energy that in this case

Rmn = kam. (1.4)

For boundary conditions An(0) = 1 and Bp(0) = 0, the coupled wave equations
have the solutions

B, (2)= —iky, [sin(z)V/ )V B+ 0%)exp(—ibz), . (1.5)
A, (2) =[cos (2] B+ 0%) + ibsin (2 1V B + 61)/} & + 0] exp (i62), (1.6)

whare k2 = |kmn 2.

Examples of single-direction interaction of surface waves may be mode con-
verters and directional couplers, including the prism coupler used for TPV
mode excitation {6]. This type of wave coupling in TPV also includes non-
linear optical interactions, phase synchronization by periodic disturbance
and electrooptical and optical-acoustic switching and modulation [2].

Heterogeneous coupling of surface waves (the plus sign in the exponent
in (1.1)) may occur when their group velocities are aligned in opposite
directions. 1In this case the coupled wave equations (Ay ~- direct and By --
reverse) assume the form [4]

dA, /dz=—ik,,.B, exp (2i62), (1.7)
dB,/dz=ik,,.A,, exp (—2i6z), (1.8)
18
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where constants kpn and kpy satisfy relation (1.4).

By using ordinary boundary conditions for heterogeneous coupling of
waves Ap(0) = 1 and Bu(L) = 0 (L is the length of the interaction zone),
we find the solutions of equations (1.7) and (1.8) in the following form:

B (0) = — i {(kmn/R)IV K=Y cth (LY FTZ8) + i8]} exp (62), (1.9)

An (L) = {VE =03} R =61 ch (LY F =% - ibsh (L V= o)]}

x exp( — i62), (1.10)

where k = |[knn[. An example of this type of interaction of surface waves may
be waveguide filters formed by modulation of TPV parameters. We are also
concerned with heterogeneous interaction of coupled waves in distri-
buted feedback structures used for ROS and RBZ lasers, although there are
some differences here related to amplification in the waveguide and the
absence of an incident wave (the boundary conditions assume the form A(0) = 0
and B(L) = 0 in this case). More detailed discussion of this type of sur=-
face wave interaction is given in [7, 8].

The form of equations which describe the behavior of two coupled waves is
independent of the numerical value of coupling constant k. However, the
value of k determines the degree of interaction of the waves or in practice
the distance at which given exchange of power between the interacting modes
occurs. In the general case k depends directly on the type of the specific
physical cause of disturbance in TPV which leads to coupling of the wave-
guide modes. The application of coupled wave theory to a disturbed wave-
guide [2, 3] shows that the value of k is determined by the overlap integral
of electric field distribution of two coupled waves through the waveguide
cross-section and by the value of polarization disturbance in the medium.

It is obvious from consideration of expressions (1.5), (1.6), (1.9) and (1.10)
for the field amplitudes of interacting waves that there is a specific dif-
ference of the phases between their fields. The wave field whose power in-
creases always lags by -77/2 in phase from the wave field with decreasing
power. Formally, this directly corresponds to selection of signs in coup-
ling equations (1.2), (1.3), (1.7) and (1.8). The required phase relation-
ship between polarization creatéd by mode ap and the field of mode by to
which power should be pumped is the cause of the temporary lag from the physi-
cal viewpoint. It is well known [9] that power dissipation in the dielectric
occurs when polarization lags behind the field. Consequently, in our case
the field phase for excitation of mode bp should lag behind the polarization
phase which is generated by the field of mode ap in phase with it.

Let us now consider some characteristics of waveguide mode coupling with
radiation modes. Prismatic and diffraction radiation input devices [6) are
characterized by the fact that power exchange occurs between the waveguide
mode and the mode continuum. In the diffraction device the mode continuum
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consists of the radiation mode of the wavequide itself and in the prismatic
device it consists of a set of plane waves capable of propagating in the
homogenaous material of the prism at different angles. The condition of
phase matching of interacting waves is determined in this case by the equality
of projections of the wave vectors of the radiation modes (for the prismatic
device =~ the plane waves in the prism material) and of the constants of the
waveguide mode propagation onto waveguide axis Z. Coupling of the waveguide
modes with the continuum leads to emission of electromagnetic energy from
the waveguide to the substrate or to the surrounding medium. As indicated
by the coupling equations for the waveguide mode and continuum (2, 3], due
to radiation the amplitude of the waveguide mode decreases exponentially:

Apn=A,(0) exp (—a,,2), (1.11)

where ®p is the attenuation constant for the m-th waveguide mode, directly
coupled with the value of coupling constant k [10]. By knowing the attenua-
tion constant of the surface wave (p, based on the reciprocity theorem,

it is easy to analyze the effectiveness of the reverse process -- wave exci-
tation by a given light beam impinging on the waveguide surface at the angle
‘of phase synchronism (see, for example, [11]).

2. Interaction and Transformation of Surface Waves in TPV With Periodic
Modulation of Parameters

Periodic modulation of the parameters of TPV (its thickness, the refractive
indices of the waveguide material or of the surrounding medium) along the
direction of propagation of a surface light wave in a waveguide is used
extensively in integrated optics to develop and create diffraction-grating
filters, coupling devices, ROS and RBZ lasers, for purposes of phase
matching in electrooptical, optical-acoustic, nonlinear and other types

of surface wave interaction in waveguides. The physical processes of sur-
face wave propagation in these waveguides are light scattering on the
periodic structure similar to scattering on a diffraction grating. Various
diffraction transformations of surface waves to each other and to radiation
modes are the basis for operation of many integrated optics components.

Periodic modulation of TPV parameters leads in the final analysis to modula-
tion of the effective waveguide refractive index. In most practically im-
portant cases, one may limit oneself in analysis of the transformation and
radiation of surface waves to relatively weak harmonic modulation of TPV
parameters ([12-15]). This not only simplifies analysis itself of the fields
in these waveguides, but also makes it possible to avoid significant light
losses due to redistribution to higher order diffraction waves. Calculation
of the effects of the interaction of waveguide modes with slight modulation
of TPV parameters is usually carried out on the assumption of the smallness
of variation of the interacting wave amplitudes at distances comparable to
the radiation wavelength. In this approximation, using boundary conditions
for the corresponding field components in TPV [12-15] or coupled wave theory
{2-5], the analytical expressions can be found for the coupling constants
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which determine the effectivenass of one or another type of wave interaction
in TPV, Since only first-order diifraction processes are taken into account
in both cases in the first approximation, both methods of calculation yield
completely identival results for the interaction constants both in the case
of radiation [15] and in the case of resonance transformation of waves in
TPV (see, for example, [13, 5]). However, when analyzing the process of
resonance transformation and reflection of surface waves with simultaneous
ejection of radiation on the corrugated section of the waveguide (with a
period coincident with the light wavelength in the medium), one must also
take into account second-order diffraction processes since the mutual re-
sonance transformations of the waves in the second diffraction order corre-
spond in their intensity to radiation (or excitation) processes of surface
waves in the first order of diffraction [16-19].

Resonance transformation and reflection of surface waves in TPV. Resonance
transformation and reflection of surface waves in TPV with periodic varia-
tions of the thickness and refractive index of the waveguide material are
subordinate to the general principles determined by the direction of the
interaction of the surface waves in the distributed coupling structures [12,
13). However, waveguides with periodic modulation of the refractive index
are preferable in some cases for some applications since deep spatial modu-
lation of the waveguide modes and effective transformation of them can be
ensured by using a volumetric diffraction grating due to selection of the
slope of its optically homogeneous layers.

Iet us assume that the refractive index of a TPV is slightly modulated by
gine-wave law (Figure 1, a):

n=n,+6n cos Kr, (2.1)

where |&n|& |ny); r is the radius vector; K = (2w/A)(~cos 3, , 0, sin )
is the grating vector; A is its period; and 4 is the angle of inclination
of the optically homogeneous layers of the grating with respect to the

z axis (0 & X < 1). The surface wave being propagated in the waveguide
plane alone the Z axis is sequentially transformed to diffraction waves of
the corresponding orders which are then reflected from the TPV boundaries
and are again diffracted on the grating structure and so on. Consequently,
the self-congruent field of surface waves in this wavegquide is the super-
position of diffraction and reflection waves. With strong interaction of
the two surface waves when one of the reflection waves excited by the
initial -surface wave is close to the other surface wave, mutual resonance
transformation of them occurs, determined by the condition [13]

n, +sN sin y~+n, ,, (2.2)

where np and np are the effective refractive indices of the interacting
waves of order m and m'; s = £1; #2, ... is the order of the diffraction
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wave of reflaction; and N » X/g » A/A. fThe bottom sign in the right side
of (2.2) corresponds to different-diraction wave coupling in TPV,
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Figure 1. Schematic Representation of Various Types of Diffrac-
tion Grating Structures in TPV

1f the parameters of a volumetric diffraction grating satisfy the condition
of resonance (phase synchronism) (2.2), the surface wave impinging on it
even with slight modulation of the refractive index of the film on suffi-
ciently long sections of the grating, will be effectively transformed to
another surface wave. With resonance reflection of the initial surface
wave to an invergse wave of the same order (m' = m), determined by diffrac-
tion to the first reflective order (s = -1),

xgﬁl2; N'~"2n:no (2. 3’

and for the case of a nonabsorbing waveguide (ng, ni, n2 and &n are real
numbers), the coefficient of reflection Ry of a surface wave of m-th order
due to a phase grating of length L may be written in the form [13)
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R, =sh*(yL)/lch*(yL)—(AN/)4]. (2.4)

Here Y = [T2 - (AN)2)1/29/2) k = Tg/2 18 the coupling constant; and
AN = 2n7, - N is deviation from precise resonance (AN < T). Coupling
constant k for the case of TE-modes is determined by the expression

kyp=bn(ny/n, ), /h) Vg2, (2.5)

where &n is the modulation amplitude of the refractive index of the wave-
guide material and hy is the effective thickness of the waveguide (see (13]
for the expressions for h,‘,’, and hp).  The coupling constant of the interacting
waves kpp approaches the value of O ng/2 with an increase of the film thick~
ness (in the range that gh ~» 0o),

Another possibility of accomplishing resonance transformation and reflection
of surface waves in TPV is corrugation of the thin film (or substrate) sure
face by sine-wave law (Figure 1, b):

x=0 sin (K2), (2.6)

where ¢ is the modulation amplitude of the waveguide thickness h; X = 2 1/A
and

(go)’ 1. 2.7

Upon passage through this wavaguide section, the surface wave is diffracted
on the corrugated surface of the TPV. The diffraction waves excited in this
case have projections of the wave vector onto the 2 axis, equal to gn;, + gK=
" q(n;, + sN) and the condition of resonance interaction of surface waves of
orders m and m' is now reduced to the form

nytsN=xn,,.. (2.8)

It follows from stricter consideration with regard to condition (2.7) that
upon resonance interaction of the two surface waves (s = 0 and $1), their

transformation to diffraction waves of other orders can be disregarded with
relative accuracy of (gs)2 (approximation of strongly coupled waves) ([12].

In the case of homogeneous  wave coupling (the upper sign on the right
side of (2.8)) when a surface wave or order m' is excited in the same direc-

. tion as the initial wave of m-th order, the effectiveness of transformation
N is equal to [12]:

Ne=sin(y2)/l14-(AN/1)3). (2.9)
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Hera ¥'w= (T2 4+ (AN)2)1/2 g/2; 72> 05 and AN = (n} + 8N) % n}s charac-
tarizes daviation from precise resonance and the coupling constant for the
case of TE-modes is equal to

o 800 (o] = nif)(nd )

L VR R WY T I

(2.10)

It is obvious from expression (2.9) that the maximum transformation of the
power of interacting waves is reached at distances of g = Lyt

yLy=n(1429), ¢=0,1,2, ..., (2.11)

and only under conditions of precise resonance AN = 0) can the initial wave
of m=th order be completely transformed to a wave of order m' and in the

cage of g = =1 it can be transformed to a wave of higher order (m' D m) and
in the case of s = +]1 it can be transformed to a wave of lower order (m' { m).

In  heterogeneous coupling of waveguide modes (the bottom sign on the
right side of expression (2.8)) when the surface wave of m-th order passing
along the grating resonantly excites the counter wave of given order m', the
coefficient of reflection Ry,m' from this distributed mirror of length L is
described by an expression completely similar to expression (2.4), only in
this case the values of ¥ and T are taken by the absolute value and |V | =
= [|£2] - (AN)2)1/2g/2 & || (since now n} + sN & -nf» < 0). With an
increase in the length of the "distributed mirror" kL, its coefficient of
reflection approaches unity more rapidly, the more precisely the condition
of resonance (2.8) is fulfilled.

The main parameter which characterizes the effectiveness of the considered
resonance processes is the value of coupling constant k, which is signifi-
cantly dependent both on the index of the interacting waves (mainly by n}
and hy) and on their polarization. In the case of interaction of TM-waves
(4)

krm=krep, : (2.12)

where factor p = 1 for TPV with nj & np &z n2 & n* and at other waveguide
parameters may cause a significant decrease in the value of kmy. Moreover,
with some quite specific periods of the grating and namely when the period
of grating /\ satisfies the condition

n, (n +sN)y=—(n,/ny)* IN? | IN} |, s=—I, (2.13)

where N = A/A and [N§|= L[n2 = (np + sN)2]1/2|, the coupling constant ky
approaches zero. This is physically related to the transverse nature of the
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elactromagnetic waves diffractionally excited in the TPV. A similar pattern
is also observed with diffraction emission of surface waves in TPV since
vondition (2.3) is generally valid for total iaternal light reflection and
diffraction on the corrugated surface of the interface of two homogeneous
media [20, 21).

Diffraction emission and excitation of surface wavaes in TPV. Corrugation of
the TPV surface by harmonic law (Figure 1, b) is one of the main methods of
diffraction excitation of surface waves in it [14, 22]. As is known, a wave
propagating along this waveguide may be emitted on its corrugated section

due to diffraction to the media adjacent to the waveguide. A diffraction
wave of =1 order (s = -1) makes the main contribution to emission in approxi=
mation of weak coupling (2.7) and the angles of emission to these media (with
respect to the normal) are determined by the relation {22)

sin 8)=(n’.=N)/n), j=0,1,2. (2.14)

In this case the direction of 1ight emission is not dependent on which sur=-
face of the film is corrugated =~ the upper or lower, and varies slightly
with variation of wave polarization (TE or ™). On the other hand, wave
attenuation in the film is determined to a significant degree by its polari-
zation and by the fact from which direction the wavegquide is corrugated.

In view of the reversibility of optical phenomena in time, analysis of
diffraction output of light emission from a f£ilm waveguide permits one to
find the optimum conditions for the reverse process -- emission input to the
TPV through its corrugated section. As already noted above, the main para-
meter which determines the optimum conditions of emission input to the wave-
guide is the attenuation constant & of an m-order surface wave during its
emission along the corrugated section of the TPV. The expressions for con-
stants A for TE- and T™M-modes of TPV can be found, for example, in (14,
22, 23]. The value of xXp is usually greater when the film is corrugated
from the direction of the air. This is related to the fact that the dif=~
ference of the refractive indices on the film-air boundary is greater than
that on the film-substrate boundary. On th~ =*%2r han4 «ith corrugation
of the upper surface of the film wavequide, the interference effects mani-
fested in the form of maximum and minimum values of u“n(o ) are expressed
to a lesser extent ([2) and consequently the attenuation constant & m becomes
less critical to selection of the emission angles 95, .e., to selection
of the period of the grating structure A. In this sense corrugation of

the upper boundary of the TPV is preferable. Those periods uf corrugation
A which would provide emission to one of the media adjacent to the wave-
guide (usually to the substrate) must be selected to accomplish optimum
input of emission. Those periods to which "back" emission corresponds are
more preferable since in the given case only the first order of diffraction
is present in emission with any form of corrugation profile [22]). The
periods A at which light is emitted only to the substrate satisfy the con-
dition
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(=) & N < (1), ==ny), (2.15)

which corresponds to "forward" emicsion in the direction of propagation of
the surface wave and to condition

(ny,4=ng) € N & (n),41g) (2.16)

with "back" emission of light with respect to the direction of surface wave
propagation.

There are some characteristics of diffraction excitation of diffuse optical
waveguides related to the absence of interference effects and which lead to
a smoother dependence of constant o&m!( 95) and to its smaller absolute value
compared to TPV with sharp boundaries [20, 17).

With optimum periods of corrugation and with given value of K p, the effec-
tiveness of emission input into TPV 7 depends only on the distribution of
the exciting light beam intensity along the length of coupling zone L and
for homogeneous distribution of the incident beam field excitation is more
effective at o pL A4 1.25; then MNmax = 81 percent [11]. If it is necessary
to excite the waveguide from the direction of the air, it is better to use
corrugation of the substrate since in this case a value of 7 ~ 50 percent
can be achieved ([22].

It should be noted that the large difference in the value of the attenuation
constants for waves of different polarizations (X rp and Aqy) at specific
periods of corrugation A [20, 21, 23] can be used for selecting the surface
wavas by polarization and to create thin-film light polarizers based on
diffraction emission of surface waves or on their resonance reflection.

Another possible method of diffraction excitation of TPV is the use of
volumatric phase diffraction gratings applied to the waveguide surface or
formed directly in the material of the waveguide itself (24, 25]). Investi-
gation of the process of surface wave emission from a TPV with volumetric
phase grating applied to its surface (Figure 1, ¢) shows [24) that only a
-1l-order diffraction wave with projection of the wave vector onto the 2 axis
equal to qn; - K sin 7 makes the main contribution to emission in approxi-
mation of weak coupling (,Jn/nzl(g 1).

Provided that
Ry >>[n,, —N sin x| >y (2.17)

this wave is propagated in the substrate (or grating) at angle 90(2):

$in Bygy=(n,, —N sin x)/nyy). (2.18)
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Provided that
By M>>I =N oy (2.19)

this wave is emitted in both directions simultaneously. Moreover, the rela-
tions of the intensities with which a =l-order wave is emitted to a medium
with grating and substrate adjacent to the TPV are considerably dependent on
the angle of inclination of the homogeneous layers of the phase grating and
may reach a value €102 (>102), The expressions for the attenuation con-
stants (m for all these cases are found in (24]. The effectiveness of in-
put (approximately 71 percent) achieved in experiment [26] approaches its
theoretical limit (approximately 80 percent) to a significant degree.

The pravalent surface wave emission to one of the media adjacent to the wave-
guide is caused by Bragy scattering of this wave to a =l-order diffraction
wave. In the general case the parameters of a volumetric grating should be
selected to accomplish this Bragg scattering so that (24)

nysny, N=2n, sin x(u n), - N sin x=n_ cos 2x). (2.20)

Two Bragg inclinations of homogenaous layers of the grating: 0 < X3 < /2
and 22 = 7 - %), are possible at each value of N(<2np). If cos 2| &

< ng/ny and ny/ng, then the surface wave is essentially completely emitted
to the medium with a grating at % = %,; and is Bragg-scattered to the sub-
strate at X = %2. If ny(g) > nyjcos 2%3] > np(2), the surface wave is
emitted to the grating (or substrate).

It should be noted with regard to the use of a volumetric diffraction grating
for input of light emission to the TPV that the condition of phase synchro~
nism for a diffraction wave and for the m~th waveguide mode excited by it

is incompatible with the condition of precise Bragg resonance of the diffrac-
tion grating. Therefore, some slight misalignment of the Bragg grating
structure from resonance is required to ensure effective excitation of the
given waveguide mode [11].

Diffraction of light beams on periodic structures in TPV. Diffraction of
emission on periodic structures in the TPV plane is of interest not only
for division or deflection of light beams in film waveguides [27] but also
for spatial-gelective filtration of them [28-30]. To do this, Bragg type
grating structures can be formed in TPV both as the result of modulation of
thickness and of the refractive index of the waveguide material. For de-
finiteness, let us consider a TPV with volumetric sine-wave phase grating
formed due to weak modulation of the refractive index of the waveguide
material (I& n/nll« 1). The diffraction-grating structure on which non-
colinear interaction of the surface waves in the TPV can be accomplished
when the directions of propagation of the interacting waves do not coincide
with the vector of grating K, is shown schematically in Figure 1, d. 1In
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this case the Wolf-Bragg condition with regard to waveguide propagation of
emission has the form (31, 32)

Nw=2n; sin0, (2,21)

where ] is the Bragg diffraction angle. In the considered configuration,
the phase grating operates in the transmission mode and its diffraction
effectiveness N in approximation of the interaction of plane waves in the
absence of losses in the TPV may be described by an expression totally
similar to (2,9) (33) where the effective length of the grating L* = L/cos 8
and AN = (2n x sin O - N) sin § is introduced instead of z. As one
should also expact, the constant k is significantly dependent on the index
and polarization of the waveguide modes. In the case of a volumetric

phase grating for T™ waveguide modes, it can be written in the form

kymebn(ny/n))g/2. (2.22)

The absolute value of kep for the TE-modes is less and is determined by the
value of the angle of deflection Q= 20 (see Pigure 1, 4Q):

kyge—bn(ny/n; )(g/2) cos @. (2.23)

When the grating structure operates in the reflection mode [33], its dif-
fraction efficiency (coefficient of reflection) can be determined by using
expression (2.4).

All that considered above also remains valid in general features for Bragg
diffraction-grating structures formed by modulation of the TPV thickness.
However, the form of the coupling constants k in this case will apparently
be more complex (unlike expressions (2.10) and (2.12)) since Bragg diffrac-
tion on this grating structure may be accompanied by transformation of the
incident wave to a wave or orthogonal polarization and this problem requires
further investigation [32, 34].

It should be noted that the sloping impingement of emission on the grating
structure during Bragg diffraction leads to distortion of the spatial shape
of the diffracted and transient light beams and it is stronger, the broader
the incident beam spectrum compared to the band of Bragg diffraction angles
(frequencies) (29, 35]. Specifically, the total width of the diffracted
band transient beams is always not less than a = 2L sin § . Distortion of
the spatial shape of the signal is usually manifested to a greater extent
for grating structures formed by corrugation of the TPV surface, which is
related to a smaller value of the achieved values of the coupling constant k.

The high spatial-angular and frequency-selective characteristics of Bragg
type diffraction-grating structures permits highly effective spatial-selec-
tive filtration of emission in the TPV during its inclined impingement on
the grating structure. These spatial-selective filters may find application
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for multichannel OLS with channelling {28, 30]. The frequency-gelective
selectivity of a filter is related to its angular selectivity by the simple
relation [33)

AMA=—A0 clg 0, ABO, (2.24)

which determines the dependence between variations of wavelength and the
angle of incidence of emission, leading to the same detuning from Bragg
resonance. For homogeneous and symmetrical distribution of the value of
the coupling constant k by the effective length of the grating structure
L*, the shape of its spaectral characteristic is symmetrical [36] and the
total spectral width of its resonance At\/)s during inleined incidence of
emission on the grating may be written in the form [37)

BMARR(A* L)1+ (k L* iyt (2.25)

where their effective values instead of A and L are introduced in the
direction of propagation of the incident light beam (A* = A/sin § ) and
the value of kL* for ensuring a minimum value of AM/)\ does not exceed

/2 (or ) for grating structures operating to transmission (or reflection).
This approach to determining the selective and diffraction properties of
grating filters is related to the use of approximation of the plane wave

(33, 37] and is justified when the angular divergence of emission in the

TPV is significantly less than the angular width of the Bragg resonance of
the grating. In the opposite case when calculating the spectral characteris-
tics and diffraction effectiveness of a grating filter, the entire set of
spatial components of the wave vectors of plane waves impinging on the
grating must be taken into account. The field distribution in the diffracted
and transient beams are then determined by Fourier transformation of the
product of the spectrum of incident plane waves by the amplitude coefficients
of reflection or transmission [29, 35].

Comparative analysis of different types of modulation of TPV parameters.

It is of interest to carry out comparative analysis of the various types of
modulation of TPV parameters for selecting the preferable type of modulation
of film waveguide parameters (if there is this type of modulation).

It is obvious from the previous consideration that the effectiveness of
surface wave interaction in TPV on a grating structure is determined by the
value of the coupling constant k which in the most general case is propor-
tional to the absolute value of the modulation amplitude of the effective
waveguide refractive index Ant*. Actually, limiting ourselves to the case
of weak modulation of thickness h and the refractive index of the waveguide
material n; and taking into account the expressions for derivatives an:/ Jdh
and dnm/Jn; [38], it is easy to show that

k = (n/A)An;,, (2.26)
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where An,‘.'“\ for the TE-modes of TPV upon modulation of thickness h is equal to
(Any)g=a(m) /0o (n /) )11, (2.27)
and upon modulation of the refractive index of the material nj is equal to
(Any)gn=0n(ny/n, )b, /0. (2.28)

For simplicity it was implicitly assumed here that colinear interaction of
the modes with identical indices (m' = m) is considered. Comparing expres-
sions (2.27) and (2.28) and assuming that hy 2z h, which occurs in most real
cases, we find

(An})o/(AR )y = (arh)( l—(n, /ny)2)/(8n/n,). (2.29)

Let us introduce the parameter Ay =nj - n} and, since n;\ ~ny, we finally
find

(An;)o/(An; )sn=22(A,/ny)(0lh)/ (Bniny) (2.30)

Since usually Ay  n1, it follows from expression (2.33) that considerably
less relative modulation of the refractive index of the waveguide material

is required compared to the relative modulation of its thickness to ensure

an ldentical value of the modulation amplitude of the effective refractive
index An;‘ or, which is the same thing, of the value of coupling constant k.
Moreover, the indicated difference is manifested more strongly for the lower
waveguide modes and is amplified with an increase of its thickness h. This
is physically related to the lesser contribution of the modulation of wave-
guide thickness to disturbance of the surface wave field compared to modula-
tion of the refractive index of its material, which makes a contribution to
the value of the coupling constant k through the entire TPV cross-section.
One may also arrive at a similar conclusion on the basis of analyzing the re-
sults of numerical calculations obtained for various types of periodic struc-
tures in TPV [39]). This comparison is valid only for the TE-modes of TPV.

In the case of a TM wavequide mode, as was already noted above, the coupling
constant k depends in a more complex manner on the TPV parameters and returns
to zero during some quite specific periods of corrugation of its surface

(see (2.13)). Consequently, modulation of the waveguide thickness does not
lead in this case to coupling and mutual transformation of surface waves.

Absolute comparison of the effectiveness of one or another type of modulation
of TPV parameters may also be carried out for specific TPV materials. Thus,
for example, analyses show that the maximum possible modulation of the effec-
tive refractive index An* due to variation of the refractive index of the
waveguide material nj) is approximately an order or more higher for such a
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TPV material as amorphous chalcogenide semiconductor £ilm [40, 41) than
(depending on h) in the case of a corrugated surface.

For definiteness let us consider a TPV based on AsySy films on LiNbO3 sub-
strates (A A 0.63 micron, ng & 2,29 and n) 2 2.48). Absolute comparibon
for real TPV parameters (h ~ A) shows that the coupling constant due to
modulation of the refractive index of the waveguide material ny is more than
fivefold higher than k for a corrugated surface for the TEg waveguide mode
mammﬂmthGMWmaqunmmﬁmdwaumemutMmMMW
depth of the corrugation 26'may is equal to 0.2 micron). The efficiency of
corrugated grating structures may be comparable to that of a structure with
modulated refractive index and is higher than this efficiency for suffi-
clently thin single-mode waveguides when working near the cut=-off, but in
this case the condition of weak coupling is usually not fulfilled and the
losses in the TPV increase significantly; moreover, the thinnest possible
waveguide layer does not exhaust all the possibilities of interest from the
practical viewpoint. There is a sharp dacrease of the operating efficiency
of the corrugation with an increase of wavequide thickness h, whereas the
coupling constant, beginning at some value of h (h < A) is essentially in-
dependent of wavequide thickness in the case of modulation of the refractive
index of the material nj. One should also bear in mind that corrugation of
the TPV surface is possible on a wider range of materials and realization
of modulation of the refractive index of the waveguide material itself re-
quires a search for special materials for TPV.

with regard to periodic structures in the substrate (the surrounding medium),
they operate much less efficiently compared to periodic variation of the
refractive index of the waveguide material itself since the values of deriva-
tives Jng/90 ny (j = 0, 2) are usually much less than dnp/dny. With the
same parameters of the grating structures and real parameters of TPV, their
efficiency in the sense of the possibility of providing a given value of k

is approximately 50-100 times less. It should be noted that a similar con-
clusion also remains valid for relief type grating structures. Thus when

a thin corrugated layer of another material with refractive index n < n) is
applied to the TPV surface, the coupling constant decreases )(n2 - n2)/
(nf - n%)l times for TE-modes and is somewhat greater for TM waveguiae modes
(compared to corrugation of the waveguide surface itself) [21, 45].

3. Integrated Optics Components and Devices Based on Diffraction-Grating
Structures

In this section we shall consider some applications of diffraction-grating
structures in integrated optics. Most attention is devoted to periodic
grating structures as the most investigated; the possibilities of using
grating structures with variable period ("aperiodic" grating structures)
are also considered.

Periodic grating structures. The use of periodic grating structures in

integrated objects led to the development of many thin-film waveguide de-
vices such as emission input and output devices, band filters and mode
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converters, diffraction type modulators and deflectors and ROS and RB2Z
lasars; phase matching and spatial=selective filtration of surface waves
in TPV are accomplished by using them.

,wl?
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Figure 2, Spectral Characteristics of Reflecting Filter

The operation of band reflecting filters and mode converters is based on
resonance reflection or on transformation of surface waves on the diffrac-
tion-grating structure in TPV. The condition of resonance surface wave
raflection (2.3) and (2.8) assigns the working length of the reflecting
filter wave and expression (2.4) (where AN = 2 §/g) gives the dependence
of the coefficient of reflection Ry of an m-order surface wave on detuning
from resonance § . In practice § may be varied due to variation of the
.emigssion frequency or wavelength. The dependence of the coefficient of
reflection Ry on the value of §L &7 [(@w = wp)Lng/c) for kL = 1.84, which
corresponds to Rpay & 0.9 (here wq is the resonance frequency of the
filter), is shown in Figure 2. The band width of the main maximum reflec-
tion of the lattice structure by wavelength AA/A may be determined from
expression (2.25), where A* = A and L* = L, while the maximum coefficient
of reflection of the filter Rpyax Corresponds to precise resonance (AN = 0
in (2.4)). Moreover, the value of Rpax is different (Figure 3) for different
wavelengths with fixed length of the grating structure L. Filters with a
narrower band should have a value of kL £ 77. At kL 3 7 the side lobes
become comparable to the main lobes [33].

Rniz
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rt A i L
0 42 8% 06 My

Figure 3. Maximum Coefficient of Reflection of Filter Rpax as
. a Function of Parameter kL for Different Wavelengths:
1 == 1.15 micrors; 2 == 0.86 micron; 3 ~- 0.63 micron
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Developmant of narrowband grating filters for a given wavelength A\ places
specific restrictions both on the permissible value of deviation from re-
sonance AN, caused by the inacouracy of being given the period of the
grating A, and also on the parmissible variations of the effective refrac-
tive index of the waveguide na caused by the inhomogeneity of its thickness
along the length of the grating structure. Deviations in the period of the
grating AAlead to a change in the resonance wavelength of the filter [42]

AMRAAATA), (3.1)

while the inhomogeneities in the thickness of the film wavequide Ah cause
changes in the position of the maximum reflection of the filter along the
wavelength and consequently lead to broadening of its band by the value [37]

Ahy=A(ARR ) (ny/nt )i =1). (3.2)

Experimental investigation of narrowband reflecting filters with half-width
of resonance on the order of fractions and units of angstroms and with
coefficient of reflection of approximately 0.8-0.9, achieved due to a corru=-
gated TPV surface {37, 42) and modulation of the refractive index of the
waveguide matericl (40], shows good agreement of the calculated and experi-
mental results. This justifies development of methods of synthesizing
optical waveguide filters with given frequency characteristics operating

in the reflection and transmission mode [43, 44). 1It is proposed in (45)
that selection of the incident wave by means of a thin-film mode selector
be used to create narrowband frequency-selective filters operating due to
mode conversion during single-direction interaction of them on grating
structures in TPV, Interesting possibilities for various applications in
integrated optics are opened up by mode conversion in TPV on a grating
structure with non-gine-wave profile during noncolinear interaction of sur-
face waves [46]. However, additional investigations are still apparently
required in this direction.

Experimental investigations devoted to spatial-selective filtration of
aemission in TPV by using periodic grating structures (28-30), although they
are few, now indicate new possibilities of using integrated-optics circuits
in OLS with channelling. We would especially like to emphasize the prospects
of using for these purposes such TPV material as amorphous chalcogenide
semiconductor films which permit creation of various phase-relief structures
in the waveguide itself both by optical methods [30, 40) and by using elec~
tron beam processing (41). The conducted investigations [40] show that the
actually achieved characteristics of Bragg grating structures permit develop-
ment of highly efficient frequency-selective devices based on them for
combination (mixing) and separation of optical data channels with different
carrier frequencies. Comparitive analysis of spatially-selective filters
based on Bragg grating structures formed in the waveguide and due to corru-
gation of its surface permits one to conclude that the least distortion of
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the spatial shape of the signal may be achieved in TPV based on amorphous
chalcogenide semiconductors when the grating structures are formed in the
waveguide itself.

The possible variants of constructing optical channel mixers are shown
schematically in Figure 4. The simplest are devices kised on a set of
deflecting grating structures with different periods and scanning gradient
channel wavaguide (Figure 4, a and b). They are suitable in a small number
of data channels (approximately up to 10). More complex grating structures
! which utilize the prinoiple of superposition of three-dimensional phase
holograms (Figure 4, ¢) permit one to realize a mixer with a considerably
larger number of packed channels. This mixer based on superimposed three-
dimensional phase grating structures is more universal due to its reversi-
bility and the possibility of operating in the channel~separation mode and
provides considerably greater compactness of the device as a whole. The
wave tracks of separated channels in an optical waveguide are shown on the
right in the photograph in Figure 4, ¢. The nearest optical carriers were
geparated from each other by approximately 15-20 nm, which, however, is
not maximum. In real OLS circuits, this mixer may operate, as indicated by
analyses, with considerable greater channelling (on the order of 50) with
building up adjacent optical carriers on the order of several angstroms.

4 2y A
a i l‘ a! 1"12!1}
Ay 'lhll»l'}
> —
A
6 ]
Ay

Figure 4. Schematic Diagram of Different Variants of Spatial~
Selective Filters for Channel Mixers Based on Periodic
Diffraction~Grating Structures in TPV
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Periodic modulation of TPV parameters is also possible by using the electro-
optical effect when the modulating voltage is applied to a periodic system
of antipin electrodes or by using the optical-acoustic effect which utilizes
acoustic waves of the appropriate frequencies. Since the refractive index
of the TPV may now be varied due to the effect of the modulating voltage or

- the amplitude of the acoustic wave, this type of thin-film diffraction
devices may serve as amplitude modulators, switchés or deflectors. Thin-
film diffraction type optical-acoustic devices may also be used in optical
signal processing devices. The most significant parameters in this case are
the efficiency of diffraction, the working frequency band, the speed and
number of resolved light beam positions.

A large number of both original [47-51] and survey papers [52-53] is devoted
to theoretical analysis of the various aspects of optical=-acoustic interac-
tions in TPV. Single~direction interaction of coupled surface light waves
during colinear [54, 55] and noncolinear [56-58] interaction of them with

a surface acoustic wave (PAV) is used in diffraction type modulators and
deflectors. Bragg diffraction [56, 57) when only one diffraction order
occurs is usually employed to achieve the greatest efficiency. Channelling
of the optical and acoustic beams leads to high power densities, to an
increase of the interaction length and, because of this, to more effective
interaction at low levels of control power. Thus, an optical-acoustic de-
flector-modulator with working frequency above 200 MHz and control acoustic
power not exceeding 7 mW was developed on the basis of lithium niobate wave-
guides [59]. Thin-film variants of optical-acoustic convolvers which utilize
light diffraction in TPV on PAV and which accomplish the operation of con-
volution of optical signals, have higher efficiency than their volumetric
analogs [60, 61]. They apparently find broad application in development of
various optical data processing devices.

The speed of optical-acoustic diffraction devices is limited both by the
converter frequency band and by the transit time of the acoustic wave
through the optical beam. These principal restrictions are eliminated in
electrooptical diffraction modulators in which the phase diffraction grating
is induced by an electric field applied by a system of pin electrodes.
Their potentially possible bandwidth is restricted only by the natural
capacity of the device itself and may be brought up to several gigahertz
[59]. In this case the control voltage is corresponding to the percentage
modulation close to 100 percent do not exceed a value on the order of 10 V
[59, 62]. The characteristics of electrooptical modulators of this type
can be optimized by proper selection of the TPV parameters and of the corre
sponding electrode structure.

By utilizing the respnance properties of periodic grating structures, one
can also modulate the emission intensity in TPV by controlling the diffrac-
tion efficiency of a stationary phase grating structure. The possibility
of this type of emission modulation by using ROS and RBZ electrooptically
controlled structures are discussed theoretically in [63]; light modulation
in semiconductor TPV by using stationary phase diffraction gratings with
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resonance excltation of the acoustic wave in them was investigated experi-
mentally in (64), Modulators of this type expand the capabilities of known
thin-film diffraction modulators and apparently find application in inte=
grated optics.

Along with diffraction type electrooptical and optical-acoustic thin=-film
devices, deflectors and modulators are beginning to be developed and investi-
gated in which the magnetooptical effect is used to control the parameters
of the phase grating formed by the periodic structure of the magnetic do=-
mains (65, 66].

We will not dwell in detail on the problems devoted to experimental inves-
tigation of diffraction-grating emission input and output devices since many
practical arpects of their application in integrated optics were considered
in the previous section; moreover, there is a special survey paper on this
problem [67]. We shall note only the more significant aspects related to
the new possibilities which grating structures with an asymmetrical profile
(68, 69) open up for integrated optics, which make it possible to achieve
single~-direction emission from TPV to one of the media adjacent to the
waveguide with sufficiently long period of them (and, consequently, high
efficiency of TPV emission input), and volumetric phase gratings formed
both on the surface of and in the TPV itself [24, 25) in which high effi-
ciency is combined with new functional capabilities.

With regard to ROS and RBZ lasers, many papers, including those of a survey
nature [5, 8, 16, 70~72) have been devoted to their theoretical and experi-
mental investigations and the practical aspects of applications in integrated
optics, which are of independent interest and go far beyond the framework

of the given survey.

Aperiodic grating structures., Almost periodic grating structures with a
period, varying monotonically along the length of the grating (“aperiodic"
grating structures), are of great interest to integrated optics and open
up broad possibilities for development and creation of a number of new
spatially-selective thin-film waveguide devices ({73-76]. These grating
structures with variable period can be achieved by corrugation of the TPV
surface (as in the case of strictly periodic structures) when recording
an interference pattern of two laser beams with plane and cylindrical wave
fronts on a photoresistor surface applied to a waveguide (Figure S). In
the considered configuration, the period of the grating structure is a
monotonic function of coordinate A(z) = A./[2ny sin((fq + 8)/2)1, where
Ae is the wavelength of the irradiating emission [73). By introducing
N(z) = A/A(z) (here A\ is the working wavelength of emission propagated
in the TPV, one can show that in paraxial approximation (when (z - zg) &
& (a2 + b2)1/2, gee Figure 5)

N@)=N(z0) 4 A(z—2,), (3.3)

where parameter A characterizes variation of the period of the grating which
decreases in our case with an increase of z and depends on the recording
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conditions and wavelength A(74). An aperiodic grating on a TPV surface with
parameters which satisfy the condition of emission output |n} = N| < ng, ny,
will operate as an output focusing device with focal distance Fp (in a medium
with refractive indsx of n3), dependent on the emission wavelength, mode in-
dex m and parameter A (74]:

Fon 03 () =N (2,))2 1/ An,, (3.4)
X
I
|
a I
18, 6.}
|
i oy
b L a Z
2
/]

Figure 5. Diagram of Achieving Aperiodic Grating Structures on
TPV Surface

One of the important applications of aperiodic grating structures in inte-
grated optics may be the emission input device into TPV, the emission having
significant divergence, for example, from a semiconductor laser, or a fiber
light guide TPV matching device [74], but there are still many unresolved
problems here. Aperiodic grating structures may also find application in
development of wideband reflecting filters (36], whose response (i.e., the
coefficient of reflection as a function of wavelength) may vary due to
variation of the aperiodicity of the grating structure. Spatial-selective
filtration of emission in TPV may be accomplished by using them, frequency-
selective devices for combination and separation of optical data channels
with different carrier frequencies (multiplexers and demultiplexers) may
operate on their basis [75] and multichannel ROS and RBZ lasers may also
be realized on their basis [76].

A
N
Fu
4
A A2 A Ay
Figure 6. Schematic Diagram of Spatial-Selective Filter Based

on Aperiodic Grating Structure in TPV
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A diagram of a spatial-selactive filter based on an aperiodic grating
structure in a TPV is shown in Figure 6. Its operation is based on selec-
tive Bragg reflection of emission with diffexent wavelengths from different
sections of the grating structure so that spatial separation or combination
of them in the general transmitting channel is accomplished. 'The obvious
design and technological advantage of this channel mixer compared to the
variant shown in Figure 4, a should be noted, but it is also suitable for
operation with a small number of data channels., Expressions (2.4) or (2.9),
which correspond to the resonance case where the effective length Lgg of
the corrugated section within the range of the resonance width of Bragg
reflection (AA)g by period A should be taken instead of L*, may be used as
a function of the operating mode to analyze the coefficient of reflection
{75]. Assuming that variation of the period along the length of the grating
structure is linear, i.e., limiting oneself to approximation (3.3), one can
find that

La°-'=’.(AA)°/(AA). (3.5)

There is no doubt that further investigation of grating structures with
variable period for purposes of integrated optics will lead to new advances.

4. Devices With Tunnel Distributed Coupling

Two reqular closely arranged dielectric waveguides may efficiently exchange
power due to tunnelling of the electromagnetic wave energy from one waveguide
to another, thus providing directional power branching (77, 78]. The condi-
tion of phase synchronism for the interacting waves (/3m = (On) must be ful-
filled to accomplish effective coupling. The coupling constant k is real

in a medium without losses and if the wavequides have identical distribution
of the refractive indices, the constants kyn and knm in equations (1.2) and
(1.3) are equal. For waveguides with different propagation constants Qﬁn‘#
# fAn), coupling may be improved by periodic disturbance of the wavegquide
parameters, thus ensuring the condition of phase synchronism (& = 0) which
for sine-wave disturbance may be written in the form

6=, q(2a/A), (4.1)

where A is the period of disturbance in the direction of wave propagation
zand g = 1, 2, ... (usually operation at q = 1 is most efficient). In this
case power transfer both in the forward and reverse directions is possible
(78, 791. Couplers with smooth variation of parameters along the length of
the coupling zone were proposed and investigated in [79] to provide noncriti-
cal phase matching of waves to selection of waveguide parameters.

An important example of accomplishing tunnel type coupling is a prismatic

coupler which is used for excitation of waveguide modes in TPV. Although
laser emission rather than the waveguide mode is used for excitation in a
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a

prismatic coupler, its operating principle is similar to the mechanism of
coupling between regular waveguides. In both cases "disturbance" of total
internal reflection from the waveguide boundaries and tunnelling of the
elactromagnetic energy occur, which also ensures coupling of the interacting
waves., Coupling of this type by using an exponentially attenuating field
has the advantage of directionality and is used for directional shunting of
powar. Detailed analysis of the operation of a prismatic device, although
based somawhat differently frow: coupled wave theory, is carried out in (11].
The processes of tunnal and diffraction emissions of surface waves in dif-
fusion waveguides with arbitrary transverse distribution of the refractive
index were investigated in [B80) and the optimum conditions of effective
excitation of diffusion waveguides were formulated in universal form. Expres=
sions for the attenuation constants X p for both considerad cases are presented
in the same paper. The main conclusions of this paper were checked experi-
mantally in (8l1]) where the dependence of the attenuation constants on the
mode index were determined and it was shown that the effective input of
emission to diffusion waveguides is possible only through a small gap of
spacial profile. The greatest difficulties are encountered during tunnel
excitation of TPV having high refractive index, for example, based on Gahs)
the effectiveness of excitation is usually low in this case (approximately
10-15 percent) [82)., However, a significant increase of emission input
efficiency is possible for these TPV when using combined devices consisting
of a coupling prism and a diffraction grating applied to its base ([83].

Realization of monolithic and combined integrated optics circuits with
effective coupling of the emitter and the TPV (84, 85] is possible on the
basis of an optical tunnel device under conditions of providing phase
synchronism due to the appropriate design version of the emitter. The
effectiveness of coupling may practically reach its theoretical limit in
this case. Tunnel coupling of a semiconductor laser with a TPV due to an
exponentially attenuating field may also be accomplished in the absence of
phase matching but in this case, as indicated by experiments, efficiency
does not exceed 25 percent [86]. Direct coupling of a RBZ laser to a TPV
with corresponding selection of the grating structure and waveguide para-
meters is also possible [87]).

Upon an exchange of power between two identical coupled waveguides (the
condition of phase synchronism is fulfilled, S = 0), the total power from
the first waveguide is transmitted to the s~cond at some coupling wavelength
L), determined from expression (1.8) and equal to

Ly==n/(2k). (4.2)

If the interaction length is greater than L), reverse pumping of power to
the first waveguide occurs. The value of L; is determined by the coupling
congtant k and depends on the distance between the waveguides and the
parameters of the waveguides themselves [(77]. Waveguide systems in which
power is pumped with very small gaps between coupled waveguides usually
find application (88). This places serious technological requirements on
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manufacture of these directional couplers based on channel waveguides, the
distance between which does not exceed units and tens of microns at values
of 1) on the order of several millimeters. An increase of the gap at this
length of the coupling zone can be achieved by using complex profiles of the
refractive index of the waveguides themselves, which provide great depth of
senetration of the directed emission field {89)., By changing the value of
the coupling constant, for example, by electrooptical or other methods,
coupling between two waveguides can be controlled at a given value of Ly
and thus emission can be modulated. A large number of directional controlled
couplers [90] and switches, the typical control voltages of which comprise
approximately 20 V, has been constructed on this prineiple {91].

Further improvement of OLS systems is impossible without extensive intro-
duction of integrated optics components. Practical use of integrated opties
components in combination with fiber light guides is limited by the absence
of highly efficient coupling devices between film and fiber waveguides.

The same three main types of matching devices -- tunnel, diffraction and
those with beveled edge of the waveguide -- are used to accomplish coupling,
but the efficiency of these devices is usually low and they are not all
universal. The greatest number of developments is devoted to devices based
on the light energy tunnelling effect. Devices for joining integrated
optics circuits by using complex ribbon optical fibers have been proposed
(92}. Both input and output of laser emission to TPV is possible by using
these devices and their operating principle is the same as in a directional
coupler. The maximum luminous energy transfer coefficient reaches 97 per-
cent. TPV coupling with ordinary fiber light guides is also possible on
this principle [93], but effective coupling is possible only in the case of
single-mode fibers. Another method of matching TPV and an optical fiber is
light emission tunnelling from a TPV to a fiber cut at some angle {94] and
return [95] with the end of the fiber being arranged parallel to the wave-
guide surface. The use of this device in combination with the beveled edge
of the TPV made it possible to accomplish emission input into the fiber
with an efficiency of approximately 80 percent [96]. Many pattents (97)
have been devoted to problems of tunnel matching of fiber light guides with
TPV, but no actually existing systems and coupling components having accep-
table parameters have yet been developed. Different variants of realizing
combined TPV-fiber light guide coupling devices are also possible when dif-
fraction output of emission directly to the optical fiber (98] or the holo-
graphic method of matching {99] is used when recording a hologram on the
gurface or in the volume of the TPV; aperiodic grating structures may also
be used for this.

It should be noted in conclusion that the limits of the applicability of
results which describe the considered diffraction processes of transformation
of surface waves are closely related to the maximum permissible relative
value of modulation of the effective refractive index of TPV An*/n*. Based
on comparison of the results of numerical solution of the equations of first-
and second-order coupled waves for spatially periodic media [100], one may
conclude that the results presented in this survey are valid for An*/n*
£0.012, which almost always occurs in most real cases.
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Unfortunately, the limited scope of the survey did not permit consideration
of the various motheda of achieving diffraction=grating structures for pur=-
poses of integrated optics. The methods of their manufacture are closely
related to the tachnology of producing TPV themselves [101, 102) and are
usually based on the use of holographic methods and photolithography methods
with subsequent etching of the treated surface {8, 103, 104). One of the
most promising methods of producing grating structures on a TPV surface
based on semiconductor compounds is the method of photoselective etching
of their surface (105, 106].
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UDC 535.8.666.189.2)666.111621,.039,553
RADIATION=-OPTICAL STABILITY OF LOW-LOSS GLASS FIBER OPTICAL WAVEGUIDES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 5 No 11, Nov 78 signed to press
26 May 78 pp 2484-2486

(Article by A. N. Gur'yanov, G. G, Devyatykh, Ye. M. Dianov, L. S. Korniyenko,
Ye. P. Nikitin, A. M. Prokhorov, A. O. Rybaltovskiy, P. V. Chernov and A. S.
Yushin, Physics Institute imeni P. N. Lebedev of the USSR Academy of Sciences,
Moscow, and the Institute of Chemistry ¢ the USSR Academy of Sciences,
Gor'kiy)

{Text]) The great advances of the past few years in davelopment of low-loss
glass fiber waveguides and fiber-optic cables led to the possibility of
extensive use of them in optical communications systems during the next few
years. In this regard the question arises of the effact of the surrounding
medium, specifically of ionizing radiation, on glass fiber waveguides. The
effact of gamma-radiation on optical losses in quartz glass and glass fiber
waveguides (SVS) of various types (see, for example, (1-3])) has already been
reported in the literature. It was shown that the effect of gamma-radiation
leads to a significant increase of optical losses and in this case the
induced absorption depends on the composition of the glass, its purity, the
hydroxyl group content, irradiation doses and a number of other factors.
The spectral dependence of induced absorption is of special interest. The
absorption bands induced by ionizing radiation in pure and alloyed quartz
glass are usually located in the UV and visible regions of the spectrum.
Therefore, one should expect an increase of radiation-optical stability
(ROU) of wavequides made from this glass with transition from the visible
to the near IR band of wavelengths. Most experiments on study of low-loss
ROU of SVS were conducted in the range of wavelengths of 0.8-1.1 microns,
which is now of greatest interest for fiber-optics communications. And
actually, an increase of ROU with an increase of wavelength was observed
(1, 2). An even greater increase of ROU may be expected in the region of
the spectrum of 1.1-1.7 microns, promising for fiber-optics communications
(4-6). However, we know of no papers on investigation of low-loss ROU of
SVS in this spectral region.
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Figure 1. Spectra of Optical Attenuation & of SVS of First
(Solid Curve) and Second (Dashed Curve) Types

Soma results of investigating the effect of gamma-radiation on the extent
of optical losses in low-loss SVS of two types: type I ==~ core of SiOz +

+ GeOy (diameter of 45 microns) and shell of $i0y (diameter of 110 microns)
and type II == core of Si02 (diameter of 200 microns) and shell of silicone
rubber (outer diameter of 500 microns) -- are reported in the present paper.
The measurements were made in the spectral range of 0.45-1.7 microns. The
initial losses of the investigated waveguides are presented in Figure 1.

The waveguides were irradiated on a source of Co60 gamma-radiation with
dose rates of 250 and 2 rad/s. The induced absorption spectra were taken
every 1 hour after irradiation. Moreover, the induced absorption in the
waveguides was measured immediately during irradiation at fixed wavelengths.
The induced absorption spectra of waveguides of the first type for various
doses of gamma-radiation are presented in Figure 2. It is obvious that the
induced absorption decreases monotonically with wavelength and is apparently
determined by the long-wave edge of the absorption band whose maximum lies
outside this range.

o, 36/xm
n‘

J=4,510%ad

-~
3
5

Im W A

Figure 2. Induced Absorption Spectra of SVS First Type Measured
Every Hour After Exposure to Various Doses of Gamma-
Radiation. The radiation dose rate was 250 rad/s
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The dose dependence of induced absorption in waveguides of the first type
are presented in Figure 3, a. The growth kinetics of the induced radiation
¢ with dose D is nonlinear and is described by the law X ~ ’Vﬁ in the
range of approximately 1.3~1.7 microns. A similar law of accumulation of
radiation defects was observed in alkali~-halide crystals and is interpreted
in [7]. Radiation defects which determine induced absorption in waveguides
of this type are stable at room temperature: the induced absorption drops
by a total of 5 percent within the first 5 minutes after the end of exposure.
Comparison of the dose dependence of induced absorption at different wave-
lengths shows that the ROU of waveguides of the first type increases sharply
with an increase of wavelength.

o0y w5 wfppd 100 w0 10° Dpad
a b

Figure 3. Dose Dependence of Induced Abrorption of SVS of First
(a) and second (b) Types at Different Wavelengths.
The dependence for 0.82 micron in Figure a corresponds
to measurements every hour after irradiation and the
remaining dependences correspond to measurements during
irradiation

A similar increase of ROU with wavelength was also observed for waveguides
of the second type. The dose dependences of the induced absorption of these
waveguides are presented in Figure 3, b. These waveguides differ sharply
from those of the first type by the kinetics of the increase of induced
absoration with irradiation dose: the induced absorption emerges to satura-
tion at doses of 103-104 rad. Therefore, the dose dependences have a plane
section in the dose range of 104-106 rad. The radiation defects of these
waveguides are unstable and recombine at room temperature: the induced
absorption drops several times within 5 minutes after the end of exposure.
The process of radiation defect recombination significantly affects the

dose dependence of induced absorption ef waveguides of the second type.
Thus, the same radiation dose of 104 rad received by a wavegquide at dose
rate of 2 rad/s induces an order less absorption than that at a dose rate

of 250 rad/s.

Thus, it was shown experimentally for the first time that low-loss ROU of

SVS based on quartz glass increases sharply upon transition to the spectral
region of 1.3-1.7 microns. This circumstance and also the fact that SVS
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based on quartz glass have absolute minimum losses and zero material dis=-
persion in this region (4-6) make the spectral region of 1,3-1,7 microns
very promising for fiber-optics communications.

It should be noted that the kinetios of induced absorption for A ¢ 1 micron
deviates from the law A ~ 145. This permits one to state that absorption
in the region of 1,3-1.7 microns is determined not only by the limb of the
UV band, but also by the presence of a second (IR) absorption band.

7.
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FIBER-OPTIC DATA LINK FOR TELECOMMUNICATIONS SYSTEMS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 5 No 11, Nov 78 signed tu press
26 May 78 pp 2486~2488

(Article by zh. I. Alferov, M. I. Belovolov, A. T. Goralenok, A. N. Gur'yanov,
G. G. Devyatykh, Ye. M. Dianov, A. Ya. Karasik, V. I. Kolyshkin, P. S. Xop'yev,
A. M. Prokhorov and A. S. Yushin, Physics Institute imeni P. N. Lupedev of

the USSR Academy of Sciences, Moscow, Institute of Chemistry of the USSR
Academy of Sciences, Gor'kiy, and Physicotechnical Institute imeni A. F.

Ioffe of the USSR Academy of Sciences, Leningrad]

(Text] The region of wavelengths of 0.8-1,1 microng is now used extensively
for fiber-optics communications. This is related to the presence of a well-
developed base of efficient radiation sources and detectors and also to the
sufficiently low level of optical losses (several dB/km) in glass fiber
waveguides (SVS) in this range of wavelengths.

However, a more promising spectral region for development of maximum wide~
band fiber-optics communications lines (VOLS) over great distances is the
region of wavelengths of approximately 1.3 microns since the material dis-~
persion of pure and alloyed germanium or boron of quartz glass passes

through zero in a narrow range of 1.310.05 microns* and the total optical
losses in this band may be reduced to a level of approximately 1 dB/km {1-3).
Moreover, a very important circumstance for a number of applications is the
fact that the radiation stability of SVS increases significantly upon transi-
tion to the spectral region greater than 1 micron [4].

Testing of a 2-km VOLS in which specially developed new semiconductor lasers
operating at wavelength of 1.3 micron were used as the sources and the
possibility of data transmission over great distances was investigated, is
reported in this paper. SVS with core and shell diameters of 40 and 120
microns, respectively, numerical aperture of 0.28 and losses of 2-4 dB/km
in the region of 1.3 micron were used [2]. .

*The mode dispersion may be minimized or completely eliminated by selecting
the corresponding profile of the refractive index.
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" The characteristics of the components used and the capablilities of VOLS as
a whole were measured on an experimental data link. The line was assembled
by the typical scheme and lts characteristic feature igs the possibility of
conducting investigations with signals from different data sources and also
from a digital data pulse simulator (G5-48 generator). The low=-noise wide=
band pre-amplifior and main amplifier provided data transmission at a spead
up to 10 Mbits/s. The signal was recorded by germanium photodetectors with
standard characteristics: dark current of approximately 107 A and sensiti-
vity of approximately 0.5 A/W at a wavelength of 1.3 microns. Thus, the
minimum detectable output of the optical signal at the input of the receiver
(compared to noise) does not exceed 1:10=7 W,

4 5 6 i
() 11(412;3.4 (3) Que( rthe- (5) Ilmsau)u- ng'&:‘?:““::
T, | o | fggpe | ool | ora | wennh | Bt
"I i | apim | ™|ty an | MBTRE" | reancantopa:
fnra 1,30 24 45--50 22 >40 10—20
KEY:
1. Type of source 5. Input losses P, , dB
2. Radiation wavelength, microns 6. Dynamic range d, dB
3. Losses in svV3, dB/km 7. Permissible distance between
4. Energy potential P, dB repeaters, km

A lot of semiconductor heterolasers (PGL) of band configuration on a system
of solid solutions of In-Ga-As-P with maximum emission in the region of 1.3
micron at room temperature was manufactured for use as sources in the inves-
tigated VOLS. The method of preparing thece lasers and their parameters

was reported previously (5]. The PGL had low thresholds (L 0.5 A), which
considerably facilitated combination of the laser modulation circuit with
the data sources.

An excess of optical signal output of the PGL above the minimum detectable
by the receiver determines the energy potential P in the data link and is
one of the most important characteristics of VOLS. Measurements on 10 PGL
models showed that potential P comprises 45-50 dB in our gystem and is
limited mainly by the natural noise level at the receiver input.

The dimensions of the PGL emitting area comprise 1 x 16 microns, while
emission divergence comprises 50 x 2°, which permitted efficient use of
various macrooptical devices in the PGL-SVS adapter subassembly. Radiation
losses of the PGL to the input Py, in SVS with the parameters indicated
above with direct joining comprised 7 * 0.5 dB. The low losses to the in-
put (£ 2 dB) are achieved by using microoptical devices on the ends of
waveguides (spherical and cylindrical lenses and the cone-shaped sections
of waveguides), but the requirements on adjustment of the joined elements
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increased significantly in this case. The monitored shaping of the micro-
lenses and welding of the segments of the SVS (the fiber channel consisted
of three SVS segments 1, 0.5 and 0.5 km long) was accomplished on a special
electric-arc unit. The lossas at the joints of the SVS with each other
did not exceed 0.5 dB.

The value of the dynamic range D of the permissible attenuation of the opti-
cal signal in the fiber channel (without regard to losses to the radiation
input into the 8SVS) is dependent on the rate and type of modulation (ampli-
tude, pulse-code and so on) and is equal to D = P = P, = Py, where Py (in
dB) characterizes the required excess signals above the noise level which
provide the required signal-noise ratio in the VOLS or which give an error
probability (usually approximately 10~8) during digital data transmission.
We investigated the dependence of D on the type of informative modulation
and its rate up to 10 Mbits/s and the derived dependences were close to those
in (6]. The value of D comprised more than 40 dB during data transmission
with pulse-code modulation (IKM) which we tested.

The energy characteristics of VOLS on PGL and the possibilities of using it
for telecommunications during data transmission with IKM are presented in
the table.

It should be noted that the use of low-noise photodiodes or avalanche
photodiodes with amplification in VOLS permits an increase in the value of
D by at least 10-10 d4B.
Thus, the energy characteristics of the developed semiconductor heterolasers
at wavelength of 1.3 microns permits data transmission by SVS with the para-
meters indicated above over a distance of tens of kilometers without using
intermediate amplifiers.
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PHYSICS

UDC 681.327.68
FEASIBILITY OF DEVELOPING OPTICAL MEMORY ELEMENTS BASED ON GAAS MDP STRUCTURES

Mogscow KVANTOVAYA ELEKTRONIKA in Russian Vol 5 No 11, Nov 78 signed to press
14 Mar 78 pp 24952497

(Article by V. A. Gaysler, A. F. Kravchenko, V. F. Solov'yev and A. S.
Terekhov, Institute of Semiconductor Physics of the Siberian Department of
the USSR Academy of Sciences, Novosibirsk)

[Text] Metal-dielectric-semiconductor structures find broad application in
development of the component base of optical computer technology, specifi-
cally in development of media for optical data recording and storage. The
data in MDP [Metal-dielectric-semiconductor] structures is stored in the
form of a potential relief created by the trap charge in the dielectric
layer of the structures [1-4]. The storage time may reach several tens of
thousands of hours. A method of data storage in MDP-structures based on
charge capture by the dielectric states and on the final relaxation time

of the nonequilibrium region of the space charge (OPZ) in MDP-structures is
~considered in the given paper. The data recording-readout cycle begins with
transmission of a voltage pulse with polarity corresponding to ejection of
the main charge carriers from the semiconductor to the metal electrode of
the MDP-structure. In this case a nonequilibrium depletion zone is formed
and the greater part of the applied voltage drops in the semiconductor.

The data is recorded by light with photon energy h w which is greater than
the width of the forbidden zone Eg; light generation of electron-hole pairs
leads to rapid relaxation of nonequilibrium OPZ. The potential in the MDP-
structure is redistributed and tha greater part of the applied voltage drops
in the dielectric. Information is read by the 1light with photon energy M w
somewhat less than Eq. The reading light, passing through the MDP-structure,
is amplitude-modulated due to the Frantz-Keldysh effect. The data storage
time in an ideal MDP-~structure is determined by the relaxation time of non-
equilibrium OPZ. The bias is not tapped from the metal electrode of the
structure during the record-readout cycle. One of the advantages of this
type of data storage in MDP-structures is the possibility of data transmis-
sion from one memory element to another (transmission may be accomplished
the same as in P2S-structures).
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A similar operating principle is considered in [5, 6], where the possibility
of creating a dynamic optically controlled transparency (OUT) was inveati-
gated (7). The possibility of creating an OUT with memory based on GaAs MDP-
structure is studied in the given paper.

The basis for manufacturing the structures was the epitaxial layer of gallium
arsenide approximately 10~3 em thick with free electron concentration of

n % 1014 em~l, grown by the gas-transport method in an open chloride system
on a strongly alloyed substrate (n =z 1018em=3). An SijNg4 dielectric approxi-
mately 100 nm thick was applied to the surface of the epitaxial layer. The
dielectric was applied by pyrolytic decomposition of silicon tetrachloride
sicly and hydrosine NpH4. This permitted a significant decrease of the
silicone nitride production temperature and made it possible to avoid thermal
dissociation of the GaAs (8], A semitransparent aluminum electrode was
sputtered onto the dielectric surface. The volt-farad characteristics were
measured on the produced structures. These measurements made it possible

to determine the relaxation time of nonequilibrium OPZ (9), which comprised
gseveral hours at T = 77 K in the absence of illumination. The width of the
hysteresis loop of the volt-farad characteristics did not exceed 1 V, i.e.,
the concentration of the charge-exchange slow traps in the investigated
gtructures was low. The electric strangth of the dielectric layers comprised
(4-5)+106 veem=l., The installation described in [10] was used for optical
measurements. The spectral and time functions of the modulation covefficient
m and contrast k of the structure were measured.

homw. &0,
"e

2
0r

1 i I

1 1 1
1495 s 4505 M, a8

Figure 1. Spectral Dependence of Contrast k{hw); Amplitude of
the Voltage Pulses Applied to the Structure Wes Vp =
=50V: O~-- At=0ms; @ -~ At = 0.5 ms; A --
At=3ms;[] ~~ At=9ms

The measurements were made in the following manner. Square-wave negative
polarity voltage pulses were fed to the metal electrode. A data record
light pulse and within time At a data read light pulse were fed to the
MDP-structure during the effect of the pulse. A helium-neon laser beam
with photon energy of 1.96 eV was used to record the data. Since the data
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areread with partial destruction of it caused by absorption of the reading
light, it is necessary that the reading light pulse enexgy be much less than
the data record energy when making the optical measurements. Analyses showed
that the energy density of the data record pulse comprises approximately

10-6 J.em=2 and that of the reading light pulse does not exceed approximately
107 J:cm"2, All the measurements were made at T = 77 K, This was deter=
mined by the following factors: the coefficient and efficiency of Frantz-
Keldysh modulation [10] increases with a decrease of temperature due to an
increase of the curvature of the edge of natural absorption and, which is
also significant, the relaxation time of nonequilibrium OPZ increases. The
spectral dependence of the modulation coefficient m = IAT(V)/T(OH , whose
maximum value comprised 93 percent at i w = 1,507 eV, was measured. The
amplitude of the voltage pulses applied to the structure was equal to 50 V.
The spectral functions of the contrast of the device, which is determined

by the following relation, are presented in Fiqure 1:

k(Rw, v)=Tyko, v)/T(hw, v),

where T3 «w, v) is the transmission of the structure during data recording
and T(Rw, v) i8 the transmission of the structure without data recording.
The maximum contrast (like the maximum modulation coefficient) is reached
at Hw = 1,507 eV, As can be seen from Figure 1, the contrast decreases
with time. The functions k(At) at fixed values of hw were constructed
to determine the data storage time. These functions are presented in
Figure 2. The data storage time, which we determined as the time during
which k > 2, comprises approximately 10-2 s. It was established that a
decrease of contrast occurs due to a decrease of T3(MMw, v). The value of
Tthew, v) does not vary in the investigated range of At from 0 to 9 ms.
The most probable cause of data destruction (decrease of contrast) is
leakage of holes from the inversion channel through the dielectric to the
metal; these currents were observed on some structures during measurement
of the volt-farad characteristics and the area of structures during measure-
ment of C~V characteristics comprised 0.5 mm2, while it comprised approxi-
mately 30 mm2 during measurement of the optical parameters, i.e., the pro-
bability of a hole in the MDP-structure increases by almost a factor of 2.
The currents flowing through the dielectric break down the inversion hole
layer, the width of the OPZ increases in this case, the transmission of the
structure Ty(hw, v) decreases and consequently the contrast also decreases.
The data storage time is determined in the given case by the currents
flowing through the dielectric rather than by the time of nonequilibrium
oPZ.

Thus, the possibility of using GaAs MDP-structures for development of opti-
cal memory devices with data storage time of approximately 10-2 s, having
high modulation coefficient and low data recording energy, is shown on the
basis of experimental data in the paper. It was established that the data
storage time in the investigated structures is determined by the hole con-
centration. It can apparently be increased to the relaxation time of non-
equilibrium OPZ by improving the technology.
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Figure 2. Time Function of Contrast k(At): @ ==t w = 1,495 eV;

O=-Nw = 1.504 eV; A ==fhw = 1,507eV; J ~~NwW=
= 1,508 eV
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PHYSICS

THERMAL RADIO RADIATION FROM CLOUDS
Moscow RADIOTEKHNIKA I ELEKTRONIKA in Russian No 9, 1978 pp 1792-1806

(Article by A. B. Akvilonova and B. G. Kutuza, received by the editors on
15 March 1978}

[Text] The results of theoretical and experimental
research into radio radiation of clouds in the wave
band of 0.3 to 10 cm are presented. The effect of
various physical characteristics of clouds (tempera-
ture, water content, water reserve, moisture content)
on the spectrum of brightness temperatures was studied
based on model calculations. The nature of the de-
pendency wave lengths on the zenith angle was studied.
Calculations were made both for cases of measurements
from the earth's surface as well as for the case of
making measurements from aircraft. A technique for
determining the integral parameters of the atmosphere
(total mass of water vapor in the atmosphere and water
reserve of the clouds) according to SHF radiometric
measurements is presented, Estimates of the permis-
sible errors of measurements of brightness temperatures
at waves 0.8 and 1.35 cm at the required accuracy of
parameters being determined are given. Experimental
data obtained by measurements from stationary ground
sites, from a laboratory aboard an aircraft and from
the "Kosmos-243" satellite are presented.

Since Dicke and his associates measured radio thermal radiation of the
earth's atmosphere (1, 2] for the first time in 1945, systematic research
into its radiative and absorbent properties has been underway in many coun-
tries. At first interest in this research was primarily associated with
problems of radio astronomical observations where the atmosphere at waves
shorter than 3 cm created considerable interference to reception of radia-
tion from cosmic sources and was limited to determining the radio charac-
teristics of the free atmosphere. The theoretical works of Van Vleck [3, 4]
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were of great importance for the formation of SHF radiometry of the atmo=
gsphere. The absorption spectrum of millimeter and centimeter waves in
molecular oxygen and in water vapor was calculated in these works. These
caleulations were subsequently refined by 8. A. Zhevakin and A. P. Naumov
(5-7]. Experimental research of radio radiation of cloudless atmosphere in
the SHF band was conducted in the 50's by S. A, Zhevakin, V. 8. Troitskiy,
A. Ye. Salomonovich, A, Straiten, D. Hogg and others [8-13].

At the [RE AN SSSR [1nstitute of Radio Engineering and Electronies of the
USSR Academy of Selences), SHF radiometric research of the atmosphere was
begun in 1961 at the initiative and under the direction of A. Ye. Basharinov.
In the process primary attention was focused on research of the radiative
and absorbent properties of a heterogeneous atmosphere containing clouds

and precipitation as well as on the elaboration of methods for determining
meteorological parameters by measurements of radio characteristies of the
atmosphere. This article presents the basic results of work performed on
SHF radiation of a cloudy atmosphere, part of which was published in [29-43].

1. The diffusion effect in cloudy atmosphere in the SHF band is negligible.
Under these conditions as well as under the assumption of a local thermo~
dynamic equilibrium the radio brightness temperature of a stratus humilis
atmosphere during an observation from the earth's surface can be presented
in the form (9, 16]

- -?mmm 2dh'?
Tath 2)={ T(h)mah)e ° soc 2 dh, @
]

Where T (h) is the temperature of the atmosphere at altitude h; v, (h) is
the total absorption coefficient; z is the zenith angle; A is the wave length.

The total absorption coefficient in a cloudy atmosphere is computed from
the molecular absorption in the oxygen and in the water vapor, as well as
from the absorption in the small droplets of the clouds. The absorption in
molecular oxygen depends on the temperature and the pressure. Information
on this can be found, for example, in [6, 7]. The absorption coefficient
in water vapor, in addition, has a dependency, close to linear on the abso-
lute humidity [5, 17]). For the absorption factor in a water cloud the ex-
pression (18, 19]

0,6n e,—1
T == 1 (S5 Y

(2)
Key: (1) clo
is valid where € 1is the complex permittivity of water; and w is the water

content of the cfoud. The frequency dependence of water permittivity in a
radio band is determined by the Debye formula:
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e “e+ 8,8y _‘_;v: By=By

VLRGN TR (3)
where 6+2

A=2ner, ") ;

tp is the relaxation time of the water molecules; €q is the water permittiv-
ity at frequencies Tp << 1/ €0 is the water permittivity at frequencies

Tp >> 1/v. ‘The parameters €gr €p and TP have been rather well investigated
at temperatures higher than the melting point of ice [14, 15, 20, 21].

During measurements from aircraft the brightness temperatures of the system
"atmosphere--underlying surface" is formed from the right ascending radia-
tion of the atmosphere, the radiation of the underlying surface of the earth
attenuated by absorption in the atmosphere, and radiation of the atmosphere
reflected from the surface:

N - n‘mh') 560 0N’ 4
Ta(h, 0) = T (A, 0) e-tihseat .p. S T (h) va(h)e % (4)

[}
A
- = [nnsecoan
% sco0dh 4 R(A, O)ye-tseco( 7 (h)y (h)e ° secOdh,
0

where Tn, x(A, 0) and R(\, 0) is the temperature, emissivity and reflection

factor of the underlying surface respectively; H is the altitude of the air~
craft above the surface;

()= yu (k)

is the total vertical absorption; and 0 is the angle road from the nadir.

2. Let us look at the effect of various physical characteristics of clouds
on the radio frequency radiation of the atmosphere during observation from
the earth's surface "from below" and from an aircraft "from above." Model
calculations of brightness temperatures were performed for this purpose in
the band of waves of 0.3 to 3.0 cm, excluding the region of resonance ab-
sorption of oxygen in the neighborhood A ~ 5 mm. In selecting the models
we used statistics on the temperature, humidity, water content, and alti-
tudes of the upper and lower boundaries for stratus (St), stratocumulus
(Sc), altostratus (As), and altocumulus (Ac) clouds [22-25], as well as
for cumulus clouds of varying capacity [26, 27]. The basic characteristic
of the cloud models are shown in Table 1.
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Table 1. Basie Characteristics of Clouds

warm|cold

Cloud shape half |half| Ac |As  |wibim Cumed |Cucong

. . ] year year
Model No 1 {2 3 1.4 5 6 7
Height of lower boundary, Hlb’ km | 1.6/0.71(3.5 |4.0 |1.1 1.1 1.1
Thickness, H, km 0.3/0.35/0,3 |1.0 |1.0 1.0 4.5
Temperature at lower boundary,

le, °c 4.6(-8,6 +-7.8 |-10.98 8 8
* Water reserve, W, kg/m2 0.10{0.08(0.06| 0.3]0.15 | 0.52 | 4.70

* Total mass of water vapor in
the atmosphere, Q, g/em? 1.44/0.66(1.38{1.44[2,71 | 1.99 | 2.28

* By the water reserve of a cloud and the total mass of water vapor in the
atmosphere is meant the quantity of water in liquid droplet and vaporous
states respectively contained in a column of air with a base area of 1 m

and 1 cmz.
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Figure 1. SHF spectra of the brightness temperature of a cloudy atmosphere
during observation from the earth's surface in the direction of the zenith.
1-7 1is the cloud model number according to Table 1.

Key: (1) standard atmosphere
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Figure 1 shows the gpectra of brightness temperatures of 7 types of clouds
during observation to the zenith from the earth's surface. The figure also
shows the spectrum of brightness temperatures for a standard clear atmosphere
[28]. The strongest effect of the clouds is in the wave length band from

1 to 0.75 em (v=30-40 GHz) and from 4 to 2.7 mm (v=75-110 GHz). In these
spectral intervals the increment of brightness temperatures ATg can reach
200° K for cumulus clouds, while for the stratus shaped clouds this value

is considerably smaller and ranges from 2 to 60°K. At the frequencies

v £ 15 GHz only the extended cumulus clouds make a noticeable contribution
to the brightness temperature. Thus at the frequency v=10 GHz the estimated
value of ATy for the Cucong [cumulus congestus] clouds was 42°K. The region
of resonance absorption of water vapor in the neighborhood A = 1.35 em for
stratus shaped clouds remains quite sensitive to change of the total mass

of water vapor in the atmosphere which is quite evident from curves 1 and
2 in figure 1. '

The estimated dependencies of increments of brightness temperature of the
atmosphere at waves 0,33, 0.8, 1.5, 3, and 5 cm on the water reserve of
clouds during observation to the zenith are shown in figure 2, 1In the
linear range (T < 30° K) the slope of the curves (logarithmic scale) for
all waves is about the same. For millimeter waves the nonlinear range of
variation in brightness temperature with the water reserve of the clouds
begins at values greater than 1 kg/m®.

The nature of the dependency of the brightness temperature of stratus shaped
cloud cover on the zenith angle varies with the wave length and is determined
primarily by the ratio between the absorption in the cloud and absorption in
the oxygen and in the water vapor. In the long wave portion of the centi-
meter band full absorption in the atmosphere is less than 1 neper right up
to zenith angles of 80° which provides for linear growth of the brightness
temperature with sec z. However in the millimeter waves this dependency has
another form. The curves shown in figure 3 show that at the wave 0.4 em
the brightness temperature of the clouds increases with the growth of the
zenith angle, reaches maximum at angles 65-75°, and then monotonically sub=-
sides. At the greater angles, despite the fact that the Ffundamental absorp-
tion in the cloud is great, the contribution made by the cloud to the RF
radiation of the atmosphere at the wave 0.4 cm becomes comparatively small
due to the large absorption in the oxygen and in the water vapor.

During observation from aircraft the effect of clouds on the received RF
radiation of the system "atmosphere--underlying surface" substantially de-
pends on the type of underlying surface. Clouds create the greatest con-
trasts when measurements are made over a smooth water surface. Figure 4
shows the frequency relationships of increments of brightness temperature
during observation to the nadir caused by the appearance of clouds. The
calculations were made for a smooth sea surface at a temperature of 288.1°K
and for the cloud models shown in Table 1. The increment values for strati-
form cloud cover are similar both when observing "from below" and when
observing "from above." The radio brightness contrast during observation
"from above" of extended cumulus clouds are approximately twofold smaller
than during the observation "from below."
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Figure 2. Brightness temperature Figure 3. Brightness temperature of a
of a cumulug cloud in direction of stratus cloud T as a function of the

zenith as a function of lower secant of the zenith angle for three
boundary of cloud Klb = 1.1 km, values of water reserve during observa-
thickness 2.0 km tion from the earth's surface at wave-

length of 0.4 cm,
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Figure 4, Spectra of increment of brightness temperature ATq (v) of the
system "atmosphere-underlying surface" due to clouds during observation
from space in the direction of the nadir. 1, 3-7 is the c¢loud model num-
ber according to table 1; smooth sea surface

Droplet temperature varies with the altitude of the cloud. The temperature
of the horizontal layer which divides the cloud into the upper and lower
parts with equal values of water content may be used as the parameter
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describing the effective temperature of the cloud, Data on the maximum
deviations of brightness temperature of the system "atmosphere~-ocean sur=
face" with a change in cloud temperature by 5°K are shown in Table 2.

The calculations show that for stratiform clouds the effect of variations
in the profile of the 1iquid-water content on the brightness temperature
is negligible (ATg < 0.1°K). For clouds with vertical development this
effect becomes noticeable at a thickness of 1.5 km or more. The maximum
deviations in the brightness temperature through variations of the profile
of the liquid-water content inside the cloud are observed with cumulus con-
gestus clouds in a wave band of 1 to 1.5 em, reaching values of 11°K during
an obgervation "from below" and 5°K during observation "from above."

An increase in the total mass of water vapor due to the saturation of it in
the cloud layer leads to an increase in the brightness temperature which

18 most noticeable in the region of resonance absorption A = 1.35 cm. On

a percentage basis the increase in Ty for stratiform clouds is greater than
for cumulus. Thus, for example, for stratus and stratocumulus clouds an
increase in the water vapor (AQ=0.14 g/cm2) increases the brightness tempera-
ture at the wave 1.35 cm by 1.4~2.1°K, which is 33-47 percent of the total
contribution of the cloud. A cumulus congestus cloud may increase the mois-
ture content of the atmosphere to 1 g/cm2 which would lead to a change in
the brightness temperature by 4-7.5°K, and compared to the contribution to
T” of the water reserve this would be only 4-6 percent.

Colloidal-steady cloud formations may contain large droplets with a radius
of r > 30 mkm, for which the conditions of a Rayleigh scattering are not
met and the calculation of the absorption according to formulas (2) and (3)
may lead to appreciable errors at the millimeter waves. For droplets with
a radius of 45 mkm calculations according to the precise formulas of Mie
and the velationship (2) already yield a discrepancy of 4-6 percent at the
wave 0.2 cm. However taking into account the distribution of droplets ac-
cording to size [22] this discrepancy would not exceed 1-3 percent except
for cumulus congestus and cumulonimbus cloud cover where it may be appre-
ciably large.

3. Measurements of radio radiation of a cloudy atmosphliere were made in the
wave band from 0.4 to 10 cm from statinnary ground sites, aircraft and
satellites. The ground experiments were used to study the mutual relation-
ships among SHF spectrums of absorption and radiation of the atmosphere and
physical parameters of clouds, as well as for working out the technique of
aircraft and satellite measurements of the radio radiation o the atmosphere.
Measurements of radiation characteristics of the atmosphere were made simul-
taneously at several waves in different sections of the spectrum; this tech-
nique is discussed in [30, 32]., Table 3 shows the basic characteristics of
superheterodyne, Dicke radiometers developed under the direction of V. S.
Ablyazov which were recently used to study the radiative properties of the
atmosphere during observation from the earth's surface and from an aircraft.
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2, Deviations in brightness temperature AR (v), caused by 5°K
change in cloud temperature

shape

St, Sc; warm As,

Cumed,

and tempera- half year, T ,.==13°C T . = 0°C = =13°C
clo clo 0
ture To14°C
v=22,235 GHz 0.4 2.1
v237,5 GHz 0.9 2.4
va90 GHz 0.5 2.0 0.05
Table 3. Bausle characteristics of radiometers

Waveleagth, cm  Sensitivity, °K Frequency Time constant
Reception Band, MHz sec
0.41 3 30 8
0.8 0.4 800 1
1,2-1.5 0.6 30 3.5
1.55 0.2 800 1
2.25 0.16 1000 1
Table 4. Mean and maximum values of Tq for clouds of different shapes
Shape and tempera- Cumed Cucong St, Sc; winter St, Sc; summer
ture of clounds, °C -10 5
A=0.4lcm 9 clo 50 90 20 35
Tmax 140 160 35 70
clo
. A=0.82cm Mclo 30 70 12 15
max 120 162 20 35
gclo
A=1.6 cm Tﬁaglo 10 25 4 3
m
Tq clo 40 67 11
A= 3.3 em Tg clo 2.5 7.0 0.9 1.0
* max 11 20 1.5 2.5
4 clo
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In addition to this equipment radiometers with low noise amplifiers at in-
put in the band of waves 3 and 10 em with a mensitivity of 0.2 and 0.07°K
‘respectively with o Clme constant of 1 gec were used Ln some periods.

The radio radiation of the clouds was detected from stationary points using
a non-gcanning antenna or with rotation of it in azimuth. During these ex-
periments observations of the temperature, pressure and absolute humidity
at the earth's surface were made regularly. In a number of experiments an
aircraft furnished meteorological information and joint radar and radio-
sonde measurements were performed (30, 32, 35]. As an example figure 5 a
and b shows the profiles of the brightness temperature of the atmosphere
obtained during passage of cumulus clouds through a non-scanning antenna.
The measurements were made on the "RT-22" radiotelescope of the FIAN SSSR
(Physics Institute imeni P. N. Lebedev of the Academy of Sciences, USSR]
[45]. 1In the first case (Figure 5a) the radiation of the clouds was re-
corded at the zenith angle of z = 60° simultaneously on waves 0.41, 0.82
and 1.6 cm and in the second (Figure 5b) at 2=78° simultaneously on waves
0.82, 3.3 and 10 cm. The superimposition of the electrical axes of the
antenna at these waves was achieved using a special exciter located at the
focal point of a 22-meter mirror. For convenience of comparison the curves
are normalized for maximum values and the intervals of averaging of the
brightness temperatures lie within the range of 5 to 16 sec. Some dif-
ference between the profiles is caused by disturbance of the linear relation-
ship between the brightness temperature and the water reserve which shows
up in the millimeter band (see Figure 2). Clearly evident in these curves
are the discontinuities of the radio radiation of the clouds which are pri-
marily caused by the pulsations of the field of the liquid-water content
and which disturbed the smooth change of brightness temperature during pas-
sage of the clouds. Cloud brightness temperature measurement errors are de-
termined by the fluctuating threshold of sensitivity and stability of the
gain factor of the radiometer as well as by errors in the .aeasurement of
parameters of the antenna. The accuracy of an individual reading of Tgq of
the clouds shown in Figure 5 was about 5 percent at waves 0.41 and 10 cm
and 2-3 percent at the other waves.

Brightness temperature values of stratiform clouds increase as the zenith
angle increases. For waves A > 0.8 cm this increase is approximately pro-
portional to sec z. With a cumulus cloud cover the dependency of the bright-
ness temperature on the zenith angle shows up to a lesser degree. The in-
crease of it is noticeable when z is varied from 0 to 60°. The maximum
increases of Ty at waves 0.8 and 1.6 cm during passage of the cumulus clouds
was recorded at the interval of angles of z from 60 to 80°. The mean and
maximum values of brightness temperatures shown in Table 4 were obtained

as a result of processing of the recordings of the radiation of clouds of
various forms.

The data in Table 4 was obtained during observation of cumulus clouds at
angles of 2=60° and of the stratiform clouds in the direction of the zenith.
Comparison of the experimental and calculated data on brightness tempera-
tures of clouds shows satisfactory agreement of them. A direct comparison
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of the measured values of Ty and those calculated according to data from
acrological sounding is not possible due to the great variability of the
water reserve of the clouds in space and in time [31, 40-43], as well as
the inertia of aervlogical methods. The spatial-time dependencies of the
intensity of fluctuations of the radio brightness temperature of a cloudy
atmosphere are discussed in [31, 43].

" 5 080),.060
Gr/%anc max

08 Cucong. 2=60° J

f o-]

AN
Q6+ I_/”' A", \ a=g
,.” A
g4 ["\.’\. N
a2 y
VAt
\ i 1 ! i ! : 1 f

1
0 2 4 6 8 10 /4 % is 8 20 tmuvmin

08ny,.06n
T /Ty nancmax

—
)

a8

| 1
p ;’ 7 86 3 10 1ltmuw min
Figure 5. Profiles of increments of brightness temperature of the atmo-
sphere, obtained during passage of cumulus clouds through a superimposed
electrical axis of a non-scanning antenna. Reading was made relative to
level of a clear sky; a--composite measurements on wavelengths 0.4, 0.8
and 1.6 cm, brightness temperature of a clear sky at these waves waf 100,
38.5, and 22°K respectively, zenith angle 60°: 1--A = 0.4 cm, ;gx =
= 160°K; 2--A = 0.8 cm, Tg €0l = 159°K; 3--A = 1.6 em, T, col = 69°K;

max max

b--same but on wavelengths 0.8, 3.3 and 10 cm, brightness temperature of
a clear sky was 96, 23.6 and 20.5°K respectively: 1--\ = 0.8 cm,

col = 799¢; 2--A = 3.2 cm, T4 col - g.5°K; 3--) = 10 cm,

col _ o
Ty max 0.7°k

Tq max
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4, The simultaneous measurements of absorption in a cloud at several
waves makes it possible to derive information on the permittivity of the
water. If we know the total absorption in the cloud simultaneously at 2
waves A, and A, along the same propagation path, the relationship of the
absorptions foZ‘ a thin cloud according to (2) will have the form

eo(A)—1
Im | ——— (5)
K (Togny My Aa) = &:.__[_e_M_]_

" [ )

After conversions relationship (5) can be presented:

- Ml tdnteter
i ©)

Thus the cloud absorption ratio will be dependent on the parameter T, of
the Debys formula which describes the relaxation time of the water mole-
cules, 1f one of the long waves used is comparable in magnitude to the

value 2ncrp, from which the following expression can be derived for the

relaxation time of the water molecules

. -=_1_. At—k\? (7
P 2ne k—1

This parameter of the Debys formula experiences the greatest variation with
the temperature and determines the nature of the temperature dependence of
the water permittivity under the conditions of super cooling Tclo < 0°C.

An experimental study of the effect of temperature on the spectrum of rela-
tive absorption in the cloud was done by observations of the radio radiation
of the sun at the waves 0.41, 0.82 and 1.6 cm [32, 34). The cloud absorption
measurement accuracy depended primarily on the instability of the gain 0.41
cm, and 0.0l neper at the others. The observations were made during the
presence of cumulus and stratocumulus cloud cover, and the thickness of it
did not exceed 1-1.5 km. The effective temperature of the cloud during the
experiment varied from 5 to -13°C and it was found from the data of aircraft
or radiosonde aerological measurements. Figure 6 shows the derived experi-
mental values of the relaxation time as a function of temperature, as well
as calculated values of it during negative temperatures. One can see that

a smooth increase in the parameter T_ is observed with a decrease in tem-
perature. From a comparison of expegimental and theoretical values of T

the conclusion can be made that curve 5 derived by extrapolation of the

data in [21] does not match the measured values. Curve 4 which is an extra-
polation of data in [20] with positive temperatures lies below the experi-
mental points although one cannot state with certainty that it contradicts
the experimental data. The calculated values of the parameter Yp derived
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from the formula cited in [15] (curve 3) as wll as through extrapolation
of the data in [l4] agree with the experimental data if one takes into con-
sideration the errors in measurements of absorption and temperature of the
cloud and the latter were estimated for 1-3°C, The experimental values of
Tp of supercooled water agree better with the following approximation re=
lationship (curve 1):

213
Tpma0xp{ 9,8 (s -1z 866,
PR { (273-}%10 0'955)} 10-%, cex, (8)

In the domain of positive temperatures Tclo > 0° C the values of T_ computed

from formula (8) do not differ by more than 7 percent from the data in [14]
when 0° C < Tclo < 40°C and from the data in [15] and [20] when 0° C

ST £ 15°C. For confident selection in favor of one of the approximations

shown in Figure 6 research into absorptions in a cloud must be done at lower
temperatures or the accuracy of measurements must be improved.

5. The theoretical possibilities of solving the inverse problems of SHF
radiometric sounding of a cloudy atmosphere are based on the fact that a
clear relationship exists between brightness temperature and meteorological
parameters as well as that oxygen, water vapor and clouds have a distinct
effect on the spectrum of radiation of the atmosphere. The problem of de-
termining the integral parameters of a cloudy atmosphere has been discussed
in [29, 30, 32-34].

When the absorption in the atmosphere is not too large (T < 1 neper), the
integral relationship (1) may be written in the form

Tl(lu Z) =Tcp[1—e"m'“ ']' (9)

where '1‘cp is the mean absolute temperature of the atmosphere. During ob-

servation from aircraft the expression for brightness temperature of the
system "atmosphere-underlying surface" (4) will have the form

Ta(h, 0) =T (A, 0)e "M sp T t[{—p-riWimce].p 10)
+R(A, 0) e=rhee 0T }[{—g=rthines 0]

where TcpT and Tcp& is the mean absolute temperature of the atmosphere during

rising and descending radiation in the direction of the angle of view. If
the temperature, emissivity and reflection factor of the underlying surface
are known, then by the relationships (9) and (10) one can find the total
absorption in the atmosphere which is associated with the integral meteoro-
logical parameters by the following relationship [29]:

T(A) =70, () +K, (M) Q+ K (As, Tm) w, (11)
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Figure 6. Experimental and theoretical values of relaxation time T_ as a
function of temperature. Curve 1 is calculated according to relatignship
(8). Curves 2, 4 and 5 were constructed by extrapolating experimental data
on Tp. obtained with positive temperatures in {14, 20 and 21] respectively.

Curve 3 shows the values calculated according to [15]. The triangles depict
the experiment at waves 0.41 and 0.82 cm; the circles depict the experiment
at waves 0.82 and 1.57 cm.

Table 5. Permissible errors in measuring brightness temperatures at waves
0.8 and 1.35 GTﬂ and effective temperature GTclo when determining
water reserve

St, Sc;
Cloud shape warm half As Cumed Cucong
year !
Absolute error
W kg/m2 0.05 0.1 0.2 0.2
61&(0.8), °K 1.7 3.6 2.0 0.18
6Tq (1.35), °K 4,6 10 14 4.3
o

GTcol’ K 20 11 3.1 1.3

Where 0, is the total vertical absorption in the oxygen, Kp(Ai) and Kw
(Ai, Tclo) are the weighting absorption factors in the water vapor and in

the water vapor and in the clouds respectively which depend in the general
case on the upper-air distribution of the meteorological elements. Variations
in the coefficient KP(A) as a function of the profiles of the temperature,
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pressure and humidity do not exceed 5 percent with the exception of the
resonant transition in the vicinity of A = 1,35 em, where they may be some=
what large [44]. Variations in the coefficient K (\) as a function of the
profile of the liquid-water content in the cloud 4t a given temperature do
not exceed 1 percent for clouds with a thickness up to 1 km and 10 percent
for extended cumulus clouds with a thickness of 5 km or more.

When measuring the total absorption at several wave lengths a system of equa-
tions (11) is formed which is linear with respect to the unknown parameters
of total mass of water vapor and water reserve of the clouds, and nonlinear
with respect to the unknown effective temperature of the cloud., Measurement
of the total absorption in the atmosphere at 2 waves is sufficient to de-
termine parameters Q and W when the effective temperature of the cloud is
known. The working wave lengths should satisfy 2 evident conditions: the
total absorption in the water vapor and in the cloud added together should
form an appreciable quantity that can be measured with the required accuracy;
the determinant of system (11) must differ considerably from zero:

D=K,(M) Ky (y) ~Ky(A) K (Ay).

The radio windows of 0.6-1.0 em, 0.3~0.4 cm and 1.6-3 cm as well as the
range of resonant absorption of water vapor 1.2-1.5 cm are the most suit-
able for solving this problem.

Instrument and methodological errors affect the accuracy of determining the
integral parameters. Instrument errors include errors in measuring bright-
ness temperatures and total absorptions; methodological errors include those
in the selection of the weight factors Kp and Kw' The contribution of the

errors in measuring absorptions GT(kl) and GT(AZ) in the error in determin-

ing meteorological parameters Q and W can be estimated from the relation-
ships

_45_()_‘= VIKw(A)0t(A) )+ K (A)dT(A1) ]
O AT()..)KW (Az)-\\‘\’(hz)h‘n'(}q) (12)

oW _ VK008 00 T+ K. 008t (h) ]
W AT Ky (ha) AT g K (h)

where AT(A) = T(2) - TOZ(A). The errors in determining the total mass of

water vapor and water reserve of the clouds are associated with the errors
in measuring the temperature of the cloud by the following expressions:
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8Q - (Ko (M)At (h) = At (M) Ko (M) X
0 " DKW atin) —=Kw M) dTA)]

. , GKw (M) 0Kw O\l)
X [Aw (M)—a-i,-:‘-— - Kw (M)"?T-:"‘] 6Twen

0Kw (M)
0T wa

(13)

- K,(;..)M]GT..,..

W1
= K T,

Table 5 shows the maximum errors in measuring the brightness temperature
of the atmosphere and the effective temperature of the cloud which allow
finding the value of the water reserve of the clouds with a given accuracy.

From table 5 it is evident that with the same errors in determining the
parameter W the requirements for accuracy in measuring the brightness tem=
perature at the wave 0.8 cm are higher than at the wave 1.35 cm and depend
on the type of cloud cover., With 2 wave measurements the combination of
waves 0.8 and 1.35 cm provides relatively high accuracy in determining the
wa7e§ regserve of stratiform and cumulus e¢loud covers at values of W < 0.5
kg/m<,

In the case of cumulus congestus cloud cover a higher accuracy in determin-
ing parameter W is achieved if a longer wave, for example, the wave A = 2
cm is selected instead of the wave 0.8 cm.

The accuracy in determining the meteorological parameters Q and W are also
affected by the errors in finding the mean temperature of the atmosphere,

the requirements for which are approximately by one order of magnitude less
severe than for measurements of Tq. Additional errors occur when observa-
tion is made "from above." These are caused by the effect of variations of
the temperature and reflection factor of the underlying surface [36]. The
relative error in determining the total mass of water vapor §Q/Q has a lin-
ear relationship with the errors in finding the coefficient Kp. For example,

with variations in the coefficient K_ at 5 percent the value of §Q/Q is 6-7
percent. In the process an additionBl error will be introduced into the
cloud water reserve value that is being determined which is 1-4 percent
depending on the value of the total mass of water vapor and absorption in
the cloud.

6. Observations of descending radio radiation of the cloudy atmosphere were
also made using a laboratory on board an aircraft. The laboratory contained
SHF radiometers [42] in the 0.8, 1.35 and 2.25 cm wave length band. The
flights were made in a number of areas in Central Asia, Siberia and the Far
East during 1975-1977. Radiation from the upper hemisphere was received
using horn antennas. The antennas for the 0.8 and 1.35 cm channels were
directed to the zenith, while the third antenna was at a zenith angle of
75°. At the 2,25 cm wave the radiation was measured at 2 polarizations.
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Measurements were taken on the aircraft at the same time of the outside air
temporature and the height of the upper and lower boundaries of the clouds.
Flgure 7 shows the examples of the profiles of the radio brightness tempera=
ture at the 0.8 em wave length for 3 types of clouds: Sc, Cucong and Cuhum.
The flight was made at low altitude which was lower than the lower boundary
of the clouds and aircraft speed was 100 m/sec. Spatial resolution was
about 0.3 km. The level of radiation of a clear sky is shown by a dashed
line. The profiles of the radio brightness temperatures basically describe
the profiles of the water reserve of the clouds.

| P— L 1 1 L H
0 10 20 30 40 S0Lxm

Figure 7. Profiles of radio brightness temperatures, obtained from an
aircraft at wavelength of 0.8 cm for three types of clouds: stratocumulus
(Sc), cumulus congestus (Cucong), and cumulus humilis (Cuhum). Radiation
level of a cloudless sky is designated by the dashed line.
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Figure 8. Data on the total mass of water vapor Q and water reserve of
clouds W, obtained during aircraft experiments in the rear of an occluded
cyclone with an intersection of a secondary cold front. 26 March 1975,
flight Tashauz-Chardzhou.

The aircraft measurements make it possible to obtain the detailed structure
of the field of humidity and water reserve of the atmosphere. Figure 8
shows the variation in the total mass of water vapor and water reserve of
the clouds during a flight at the rear of an occluded cyclone with an inter-
section of a secondary cold front. The data was obtained in horizontal
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flipht at an altitude of 200 m in Central Asia. Three distinct sections

can be identified in the graphs. The first section is cloudless. A transi-
tion from cold air to warm is observed in {t, At a distance of about 90 km
the air temperature changed from 20 to 25°C, while the value of the meteo~
rological parameter Q increased from 0.85 to 1.6 3/cm2. The seeond section
18 in the zone of the warm air. It has the sharply jagged shape of the pro-
file of W and this 1s where the cumulus clouds were. A gradual breakup of
the clouds with a decrease in their water reserve occurs in the third sec-
tion. During measurement from the aircraft the error in determining the
brightness temperature of the cloud at the 0.8 and 1,35 cm wave lengths

was 0,6 and 0,9°K respectively. The minimum reported value of the water
reserve of a cloud was 0,03 kg/m* and that of the total mass of water vapor
was 0.05 g/cmz. For the values of Q and W, which substantially exceeded
these values, the errors are 10-15 percent.

An experiment on the "Kosmos-243" satellite (1968) showed the possibility
of obtaining data on the integral parameters of the atmosphere above the
sea surface [37-40]. Radiation leaving the system "atmosphere-underlying
surface" was received by 4 radiometers in the direction of the nadir in the
following sectors of the spectrum: Ai=8 c; A,e=34 cx; Ay=1.35 cx 1t A=0.8 ca.
The temperature of the ocean surface and ite emissivity on short wave chan-
nels 3 and 4 were found by the values of the radio brightness temperature
on long wave channels 1 and 2. Then the integral parameters of the atmo-
sphere Q and W were determined using the technique described earlier. Fig-
ure 9 shows an example of the profiles of the brightness temperature at the
wave lengths 0.8, 1.35 and 3.4 cm during the flight of the "Kosmos-243"
satellite over the Pacific Ocean. The large values of brightness tempera-
tures at wave lengths 0.8 and 1.35 cm, reaching 244 and 233°K respectively,
as well as the noticeable brightening at wave lengths 3.4 cm (ATg = 20°K)
show that the satellite orbit projection intersected a large thick mass of
clouds with large values of water reserve. The SHF radiometric measurements
correlated well with the television and infrared images of the cloud cover.
Data on the total mass of water vapor and water reserve of the clouds along
the projection of the satellite "Kosmos-243" in the northern part of the
Atlantic Ocean are shown in Figure 10. One can see very substantial varia-
tions in the meteorological parameters Q and W during intersecticn of the
three frontal sections. The areas with thick cloud cover are characterized
by increased values of moisture content. In this experiment the errors in
determining the total mass of water vapor were 0.2-0.4 g/cmz. At greater
values of it the absolute accuracy of a single measurement of W is estimated
to be 30-50 percent.

Conclusion

The results of the theoretical and experimental research performed estab-
lish the dependencies of the SHF spectrum of brightness temperatures of
the atmosphere on water reserve, temperature, altitude, moisture and other
physical parameters of clouds. They also demonstrated the possibility of
determining the integral meteorological parameters of the atmosphere by

75
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2

FOR OFFICIAL USE ONLY

T,(08)°K

20

180

’40 l‘: L O L g r .

A (l.JJl'KJo Js 40 4% 0w, ¢
220

180

140
W0 35 W0t sauyp
T (3K

120
100
w9 400 4Stwou g

Figure 9. Profiles of the brightness temperature of the system "Atmo-~
sphere-Surface of the Ocean" at wavelengths 0.8, 1.35 and 3 cm along the
projection of the orbit of the "Kosmos-243" satellite over the Pacific

Ocean.
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Figure 10. Data on the total mass of water vapor Q and water reserve of
the clouds W, obtained during intersection by the "Kosmos-243" satellite
of three frontal divisions over the Atlantic Ocean.

means of SHF radiometric sounding. Starting in 1965-1966 parallel re-
search of radio thermal radiation of clouds was performed at the Main
Geophysical Observatory imeni A. I. Voyeykov, the Central Aerological
Observatory and other organizations and was directed basically at determi-
ning the relationship of radio brightness temperatures to meteorological
parameters. The effectiveness of the SHF radiometric method for studying
the cloudy atmosphere was confirmed by experiments performed on the
"Nimbus-5" (1972), "Nimbus-6" (1975) and the "Meteor" (1975) satellites.
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The authors are grateful to N. F. Kukharskaya for compilation of programs
and calculations run on the computer.
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PHYS ICS

UDC 621,378:535.4
AMPLIFYING DYNAMIC HOLOGRAMS!

Minsk ZHURNAL PRIKLADNOY SPEKTROSKOPII in Russian Vol 28 No 6,
Jun 78 pp 992-996

[Article by Ye,V, Ivakin, A.M, Lazarus, I.P. Petrovich, and
A,S. Rubanov)

[Text] The recording of a dynamic hologram in a so-
lution of polymethine dye on the basis of
saturation of amplification has been experi-
mentally carried out. The dependence of the
diffraction effectiveness on the pumping pow-
er and the recording fileld is investigated,
It 1is shown that 1t is possible to increase
the sensitivity by one or two orders over the
bleachable media, The main experimental pat-
terns are qualitatively confirmed by calcula-
tions,

The known methods for recording and reproducing wave fields are
based on the absorption of light energy. This applies to both
photoemulsions and to nonsilver light-sensitive materials., In
dynamic holography, when bleachable recording mediums with a
short information storage time are used [3], the recording and
(or) reading of a hologram can be accompanied by optical ampli-
fication of the light beams. In thils case the hologram is a
substance with spatial modulation of the amplification factor.

Among the extensive class of bleachable substances for the re-
cording of amplifying holograms, the most promising ones are
solutions of complex organic compounds (4], which make it pos-
sible to achieve a high amplification factor value. When ex-
cited in the absorption area (Figure la) the substance is

lpresented at the 2d All-Union Conference on Holography (Kiev,
1975) and the 8th All-Union Conference on Coherent and Non-
linear Optics (Tbilisi, 1976) [1,2].
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bleached, while amplification
appears zFigure lc) inside the
boundary of luminescence (Fig-
AV ure 1b), Recording of the wave
front in band a leads to spa-
tlal modulation of the sub-
stance's optical and spectro-
scoplc properties: the absorp-
(; tion coefficient's hologram 1s
recorded in the absorption area
Figure 1, Absorption (1,2) (a), while that of the amplifi-
and luminescence (3) spectra cation factor 1s recorded in
of a dye solution: 1, un- the luminescence area (b),
disturbed; 2, in a powerful
pumping rleld. In [4] the authors realize one
of the variants of a dynamic
hologram in which amplification is used at the reproduction
stage. The recording medium was a thin layer of polymethine
dye solution., The dynamic lattice was registered by the emis-
sions of a monopulsed laser with a wave length corresponding to
the dye's absorption band., Diffraction of the sounding beam in
the amplification band was observed to occur simultaneously
with registration of the lattice. In this case there was amp-
lification of both the sounding and diffracted beams., Under
the conditions of the experiment reported in [4], the value of
diffraction effectiveness D was more than 200,

3
-~

vy Va v
[

In this article we discuss the possibility of using the phenom-
enon of amplification saturation in the recording of dymamic
holograms. In this case, the process of recording the hologram
in the inverse medium is accompanied by amplification of the
interfering waves' intensity and the simultaneous appearance
and amplification of additional diffracted light beams (self-
diffraction in the amplifying medium).

Figure 2 i1s a schematic diagram of the experimental setup., A
solution of polymethine dye #4568 was placed in container 1
which has clear ports (for the pregention of spurious oscilia-
tion). The initial transmission TP (A, = nm) of a layer of
thicknegs d = 1 mm is less than 102 (gecause of the small val-
ue of Ty, an exact measurement was not made). The center of
the dye's absorption band corresponds to wave length Aa = 682
nm, while the center of the luminescence outline corresponds to
Ay = 6% nm. Amplification appeared in the dye layer under the
eéfect of emissions (1, = 69% nm) from monopulsed ruby laser 2,
which has a phototropit shutter. Maximum bleaching of the lay-
er corresponded to transmission Tp (Ap = 6% nm) ~ 0.2 at an
energy density of 2 j.cm~<, Simuftaneously, part of the emils-
sions of laser 2 were shunted off by mirror 3 and used to punmp
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a liquid laser 4, which uses a

T solution of the same dye and
operates on wave length Aq =

= 730 nm. The generation spec-
trum was narrowed to 0.3 nm by
adding a dispersing element to
the resonator,

In order to form the amplifying
hologram, the emissions from
source 4 were split (with the
help of light-splitting device

|

Figure 2, Optical circuit
for recording dynamic holo-
gram in the inverse medium,

5) into two beams of approxi-
mately equal intensity that
were then directed into the

plane of container 1. The
beam-splitting method insured combination of the mode structure
and path difference compensation. When propagating in the in-
verse medium, the interfering waves were amplified and caused a
spatially nonuniform (with a period A = 100 w) reduction in the
population of the excited state, As a result of this, the amp-
1ifying lattice on which the incident waves were diffracted was

recorded in the mediunm,.

o
010

2015

I S
) 0w e

07%E,, Thmt
Figure 3, Layer amplifica-
tion T, (1-3) and diffrac-
tion effectiveness Dy (1'-
-3') as functions of pumping
energy Ep and recording
field Bo: Bp = 0.4 (1,1')2
0.9 (2,5 ), 2 (3’ ') j/cm .

length was 20, 35 and %0,
iveness D

tensity o%
tion effectiveness.,

The results of an experimental
measurement of the effectlve-
ness of self-diffraction D3
(the ratio of the intensity of
the emissions diffracted in the
first order to the intensity of
the original beam) and amplifi-
cation of the dye layer (holo-
gram) T, are given as functions
of the energy of the Interfer-
fering beams, for three differ-
ent pumping intensity values,
in Figure 3., The intensities
of the diffracted beams forming
the hologram were measured with
the help of photoreceivers 6
and 7 and oscillograph 8 (Fig-
ure 2), The linear amplifica-
tion T, on the 730 nm wave

The maximum self-diffraction effect-
reached ~10 percent in the experiment.
the interfering beams increased, so did the diffrac-
This increase was most clearly expressed
for high pumping energy values.

As the in-
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As 1s obvious (Figure 3), the amplifying mediums' sensitivity
during the recording of holograms is higher than in the bleach-
able substances. In the case of bleachable dyes, diffraction
effectiveness on the order of 1 percent is reached when the 1
densi&y of the interfering beams' radiation is E,~(0,5-1).10"
Jeem™c. Under the conditions of this experiment, the use of
the amplification effect made it possible to increase the sen-
sitiv%ty substantially and to push the value of E, to ~10-
Jrem=2,  In connection with this, the sensitivity decreased
slightly as the pumping energy increased.

A detailed theoretical analysis of the features of self-
diffraction in the inverse medium would be quite complicated,
However, the possibility of increasing the sensitivity when us-
ing ampiifying mediums for hologram registration can be illus-
trated in the following manner. It follows from Figure 3 that
the appearance of diffracted beams (indicative of the recording
of the interference field) corresponds to the transition from
the linear to the nonlinear amplification area. This fact
makes 1t possible to formulate approximate theoretical esti-
mates of the dependence of sensitivity on the dye's properties
and the power of the pumping wave that are based on an examina-
tion of the features of the light beam's propagation in the
amplifying medium, For our calculations we will start with the
equation describing the change in the flow when it interacts
with the excited dye [6]: :

dl, . __ 14Tl 0 (1)
dz 1 - aclc - a-flp

where

h h
T, = Bulvp)t {e 7 (Ve=¥p) _ e.ﬁ(ve..\-cx } )

]

ap Bﬂ(vE)L{ n e-,','—;.— (v,~vp) }
¢ (2)
— Bl‘.’(vc)T {l o C‘% (ve—ve) ) .
C .
"’2 - h\‘cNBm(vc); Vo 7= —2]— (\'a..l,_ VP):
B}% = Einstein coefficient; v = lifetime of the dye in the ex-
cited state; c = speed of light; N = density of the molecules;
T = temperature of the medium; Ip(vg) and I,(ve) = pumping in-

tensity in the absorption band and light beam intensity in the
amplification area.

In accordance with (1), the relationship between the dimension-
less intensities upon emerging from the layer (z = d) is
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. ad, (d)__

1 -;-’lp/':(d)— (3)

which determines the degree of amplification saturation., We
will characterize the transition to nonlinear amplification by
the value & = ¢, <1, The threshold intensity of the wave as it

enters the layet (Ifhr) that is necessary for hologram record-
ing will then be def'ined as

l{h? el “-_‘\( | ‘T‘ C‘,)I;Tp)'a(r(‘ (h‘)

where IQ = intensity of the pumping wave as it enters the lay-
er, Sigce amplification saturation is assumed to be only
slight in the entire layer Te can be derived from equation (1)
by ignoring the nonlinear &ependence of the absorption and amp-
lification coefficients on I,:

mn;-%%mn(h_ﬂjfllmdﬁ (5)
kp ! a4 "

In the same approximation, pumping wave transmission is deter-
nmined from the transcendental equation

(1= TpYeplp = InTp — In75. (6)
Figure 4 shows the results of
ac Iy the calculation of pumping wave

rTc
104

d

L transmission Ty, amplifying
flow transmissgon Te and the
threshold intensity u?Ichr that
determines the medium's “sensi-
tivaty, all as functions of

05 «glp. Calculations wgre made
£or°' 79 = 10-3 and 10~*, The

w  valuel kQ/K0'=0.07 and rp/e, =

' = =10.1 corgespond to the coB-

ditions of the experiment des-

TTTTT G0 4 % die cribed above.

ee
Wy

Figure %, Dependence of The existence of an optimum for
pumping transmission Tn (1), the amplifying layer's sensi-
layer amplification T."(2) tivity, which for the given
and threshold 1ntensi%y of parameters corresponds to the
the recording field o IhT  value (%pI9) opt ~10, follows
3 g) on_pumpin intensity from the cglcgfative data (see
o&i . Tg = 10=3 (1-3) and Figure 4, curves 3 and 4).
IO'E ). This result is natural and is
caused by the competition be-
tween the increase in amplification and the decrease in the
value of the effective parameter of nonlinearity

a.

e = (7

O
L= aplply
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as pumping intensity «,IQ increases. For small values of « Ig,
the increase in anmplif cgtion is predominant, because in thEs
casg o X desreases comparatively slowly. In the area of values”
XL ?ﬁxpl Jopty amplification converges on saturation with re-
sBegt to pgmpgng, whilecxg decreases in proportion to l/(qup).
The experimentally observed decrease in sensitivity (see Figure
3) 85 pumping increases 1s apparently related to the excess of
upIp over the optimum value,

Within the framework of this approach, let us correlate sensi-
tivity to hologram recording on the basis of the mechanisms of
amplification saturation and absorption, By analogy with (3),
we assume that hologram recordings in the absorption band are
achieved in connection with the transition to nonlinear trans-
mission of the layer at the value ¢ IINT(z = 0) = £y <1, As-
suming equality of the parameters gt:gi s the gain sensitiv-
ity during the transition from absorpt gn to amplification can
be estimated from the relationship

Brooe T (8)

i T e, T T,

In the area of the absorption and luminescence bands' maximums,
and o are approximately identical. For parameter values
corresponding to those in Figure 4, oo/« =0.8. In this case,
it follows from (8) that there is an increase in sensitivity in
the area of the optimum (see Figure 4) by one or two orders in
comparison with a recording in the absorption band, which

agrees qualitatively with the result of the experiment.

Additional Notes: After this article was published, the auth-
ors worked on improving the experiment described in it, For
this purpose, they succeeded in matching the generated wave
length of laser % (A = 720 nm) with the center of the circum-
ference of amplification of the registering layer 1 (a solution
of #4568 dye from which the impurities have been removed). In
this_case, the layer's linear amplification Te (A = 720 nm) was
~103, As should have been expected from (8), the sensitivigg
gain in comparison with the absorbing layers was more than 1 ’
while the energy's threshold density Egh =22+10-5 Jeem=<, Dur-
ing the experiment, it was observed that Dj and T, were not de-
pendent on E, in the section of substantial saturation. In
connection with this, the value of Dy reached ~12 percent.

The given experimental results agree with the theoretical esti-
mates given in the article.
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SCIENTISTS AND SCIENTIFIC ORGANIZATIONS

UDC 681.132.65
SECOND INTERNATIONAL SCHOOL OF SEMICONDUCTOR ELECTROOPTICS 'CETNIEWO-1978'

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 5 No 11, Nov pp 2503-2506

[Article by P. G. Yeliseyev and M. A. Herman)

[Text] The Second International School of Semiconductor Electrooptics
"Cetniewo~1978" (named after the sports base on whose territory the parti-~
cipants were housed and where the lectures were given) was held at
Wladislawowo (not far from Gdansk, Poland) from 6 through 14 May 1978. The
first school, as reported previously [1], was held at the same location in
October 1975. The organizers of the school are the Polish Academy of
Sciences (Institute of Physics of the Polish Academy of Sciences at Warsaw)
and the Polish Physical Society.

The international school assembled more than 200 students from 13 countries
who heard 23 lectures on various problems of semiconductor electrooptics,
mainly concerning radiation sources. Specialists working actively in elec~
trooptics appeared at lectors. Soviet science, occupying the leading posi-
tion in semiconductor electrooptics, was most widely represented -- seven
lectures from the academic institutes of Moscow, Leningrad and Kiev. The
lectors also included representatives of Poland, GDR, Japan, Great Britain,
the United States, Canada, Brazil, France, Sweden, West Germany and Italy.
The lectures were divided into the following sections:

physical phenomena in electrooptical materials and devices (four lectures);
technological problems (four lectures);

electrooptical devices (six lectures);

injection lasers (six lectures);

optic-? communications and integrated optics (three lectures);
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The lectures were read in sequence in the same hall so that the students
could visit all of them. Since the time allocated for each lecture was
almost 2 hours and since the lecture itself comprised 1-1.5 hours, there
were good opportunities for discussion of the problems touched on and for
explanation of questions which arose. The library, containing copies of the
texts of all lectures, was made available to the students.

The director of the Institute of Physics of the Polish Academy of Sciences,
Corresponding Member of the Polish Academy of Sciences Professor E.
Kolodzeiczak, chairman of the program ccumittee of the school, opened the
work of the school. Member of the Presidium of the Polish Physical Society
Doctor A. Kuyevskiy and Chairman of the Wladislawowo City Council S. Sarafin
greeted the participants. The reqular work =f the school was then begun

with the lecture of the Corresponding Member of the USSR Academy of Sciences,
winner of the Lenin Prize Professor Zh. I. Alferov "Heterostructures in Semi-
conductor Electronics."

As indicated by the experience of the past few years, the idea of using
heterojunctions in semiconductor devices was exceptionally fruitful, speci-
fically with regard to electrooptical devices. Heterostructures -- combina-
tions of one or several heterojunctions and p-n junctions in a unified
multilayer system -- became the basis for new types of radiation sources and
detectors: heterolasers, heterowaveguides and heterophotodiodes. New
trends in electrooptics are being developed -- integrated optics, image con-
verters and amplifiers, optical memory systems and so on. The contribution
of Soviet scientists was of decisive significance in these fields. The lec-
ture of Zh. I. Alferov (Physicotechnical Institute imeni A. F. Ioffe of the
USSR Academy of Sciences) contained a survey of the advances in development
of electrooptical and other semiconductor devices based on A.GaAs/GaAs hetero-
structures, whose technology is more developed. Expansion of the range of
applications of heterostructures is of important practical significance.

A decisive step was made recently in this direction which made it possible
to create many new heterostructures. The essence of this new stage in deve-
lopment of semiconductor electrooptics consists in the use of multicomponent
solid solutions within the framework of which a wide range of ideal pairs of
semiconductor materials can be accomplished which are suitable for joining
in heterojunctions. The lecture of P. G. Yeliseyev (Physics Institute imeni
P, N. Lebedev of the USSR Academy of Sciences) "Type III-V Quaternary Systems
for Coherent and Noncoherent Radiation Sources" was devoted to the problem
of creating new heterostructures. The development of the world's first new
heterolasers based on GaInPAs/InP, GaInAsSb/GaSb and AlGaAsSb/GaSb systems,
which cover a wide spectral range of IR radiation, in the USSR was specifi-
cally reported in this lecture.

The Soviet delegation also presented the following lectures: "The Quantum
Efficiency of Light Diodes on Binary Heterostructures: Theory and Experi-
mental Investigations" (D. Z. Garbuzov, FTI [Physicotechnical Institute]
imeni A. F. Ioffe); "Photodetectors and Radiation Converters Based on Hetero-
structures" (V. I. Korol'kov, FTI imeni A. F. Ioffe); "MNOS Systems for
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Optical Reversible Memory Devices in Computers" (Yu. M. Popov, FIAN [Physics
Institute imeni P, N. lLebedev of the USSR Academy of Sciences), "GaAlAs
Heterostructures in Integrated Optics" (Ye. L. Portnoy, FTI imeni A, F.
Ioffe); and "Electroluminescent Image Converters and Amplifiers" (S. V.
Svechnikov, Institute of Semiconductors of the Ukrainian SSR Academy of
Sciences).

Timely developments were presented in the theoretical and experimental
aspects in these lectures. Specifically, methodical problems of determining
the internal quantum yield of radiative recombination in AlGaAs heterostruc-
tures were considered in the lecture of D. A. Garbuzov. Improving the
characteristics of photodetectors by using heterojunctions and development
of new types of photodetectors and converters (selective photodiodes, elec-
troluminescent photoresistors, solid-state converters and so on) were de-
scribed in the lecture of V. I. Korol'kov. New promising MNOS structures
(metal=-nitride-oxide-semiconductor) as reversible data carriers for optical
memory devices were presented by Yu. M. Popov. The use of heterostructures
with Bragg reflectors in the integrated optics component base was discussed
by Ye. L. Portnoy. He reported, for example, about continuous injection
heterolasers with Bragg reflectors developed at FTI imeni A. F. Ioffe.

Corresponding member of the Ukrainian SSR Academy of Sciences S. V. Svechnikov
talked about efficient image amplifiers based on multilayer structures in
which the photosensitive material is CdSSe and the scintillating material

is ZnS:Mn. 1Image intensity in contrast amplification of 200 was achieved

on a mockup with illumination of 10~3 lux.

A nunber of lectures was presented by the hosts of the school, Polish
specialists. Academician of the Polish Academy of Sciences L. Sosnovski
gave a detailed survey of the characteristics of the most important narrow-
band semiconductors in a lecture on the topic "Type IV-VI Semiconductors

as Materials for Infrared Electrooptics." Research associate of the Insti-
tute of Physics of the Polish Academy of Sciences, Doctor M. A. Herman gave
a lecture entitled "The Coherence of Semiconductor Laser Emission"” and a
research associate of the same institute Doctor T. Bryshkevich gave a lec-
ture entitled "The Electroepitaxy of Compound AIIIBV and Its Application

in the Technology of Electrooptical Devices."

A detailed survey of the advances of Polish electrooptics and of the pro-
duction of electrooptical devices was given in the talk of Doctor B.
Mroziyevich, director of the Institute of Electronic Technology (ITE), which
is part of the Polish Electroindustrial Company Unitra. During the past

3 years the institute has achieved significant success in development and
production of electrooptical devices. New light diodes, digital displays,
photodetectors and optrons have been introduced into mass production. New
models of powerful GaAs:Si light diodes, GaAs:Zn light diodes for fiber-
optics communications lines and silicone avalanche photodiodes, specifically,
have been developed. Green light diodes based on GaInP have apparently
appeared in mass production for the first time in worldwide practice.
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Fundamental investigations, for example, in the field of the radiative
mechanism of recombination in compensated GaAs:Si and AlGaAs:Si semiconduc-
tors are being carried out extensively.

The lecture of Doctor D.-I. Nishidzawa (University of Tohoku, Sendai, Japan)
"Method of Stoichiometriec Crystallization of III-V Compounds for Light
Diodes and Injection Lasers" aroused special attention among the lectures.
Investigations directed toward optimization of the liquid-phase epitaxy
(ZhFE) mode of GaP, GaAs and other electrooptical materials were generalized
in the lecture. The novelty of these investigations is that, unlike the
generally accepted approach when only pure hydrogen is controlled during
ZhFE in the gaseous phase over the liquid phase, an optimum value of the
partial pressure of the volatile components of the compound (for each tem=-
perature) is selected and maintained in the given case. This procedure
provide reproducible production of the crystallographic and electrophysical
parameters of the compound and, which is very significant for the technology
of radiation sources, apparently provides minimum deviation from stochiometry
in the solid phase. This in turn improves the radiative characteristics of
the materials by reducing the point defect concentration.

Doctor T. Nishinaga (Tokyo Technological Institute, Japan), in his lecture,
illuminated another technological aspect of ZhFE ~~ the causes and methods
of preventing nonplanarity of the epitaxy front. His lecture was entitled
"The Morphology of the Crystallization Front and Inhomogeneities in Impurity
Distribution During Multilayer Liquid-~Phase Epitaxy."

The greatest attention in the lectures was devoted to the theory of injection
lasers and to their fundamental properties. These problems were considered
in the lectures of Doctor M. Pilkun (Stuttgart University, West Germany)
"Investigations of Optical Amplification and Its Saturation in Semiconductor
lasers," of Doctor M. Adams (University of Southhampton, Great Britain)

"A Unified Approach to Theoretical Problems of Injection Lasers," of H.
Bachert (Central Institute of Optics and Spectroscopy, Berlin, East Germany)
"Investigating the Possibility of Controlling the Spectral Behavior of
Injection Lasers," of Doctor K. Unger (Leipzig University imeni K. Marx,
East Germany) "The Statistical Approach in Study of the Effect of Strong
Alloying and Mixing of Type III-V Compounds on the Electrooptical Properties
of These Materials" and of Doctor H. E. Ripper (Physics Institute of Campinas
University, Brazil) "Injection Laser Modes." One important theoretical
problem of interpretation of the dynamics of generation in band injection
heterolasers was touched on in several lectures and was outlined in more
detail in the lecture of Doctor G. H. Thompson (Standart Telecommunication
Laboratory (STL), Great Britain) "Heterolasers With Band Geometry and the
Effects of Optical and Electronic Restriction." The increased interest in
the problems of the dynamics of band heterolasers is related to the fact
that lasers of this type are ideal sources for fiber waveguide communica-
tions lines. They are exceptionally compact, simple, easily matched with
waveguides without intérmediate optics and permit direct (internal) modula-
tion of radiation over a wide frequency band. However, some aromalies,
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specifically, discontinuities in the output characteristics related to in-
stability of the generation channel, were detected in planar band hetero-
lasers. Narrower band structures and the use of lateral optical and elec-
tronic restriction may be employed to eliminate these undesirable phenomena.
For example, these types of lasers with a wide band structure of 2 microns
were developed in the laboratory of STL.

A survey of the problems occurring in development of optical communications
systems was given in the lecture of Doctor J. Diamond (Bell Northern Research
Laboratory, Ottawa, Canada) "The Characteristics of Electrooptical Devices
for Optical Communications Systems." Attention was turned here, specifically,
on the significant success in optimization of spectral matching of the source
and fiber waveguide. Actually, due to development of heterolasers based on
the GaInPAs/InP quaternary system, the band of wavelengths of 1.0-1.5 microns
became accessible for application in optical communications and the condi-
tions of signal propagation are much better in this band than in the pre-
viously developed band near 0.8 micron. This true not only in lesser
attenuation of emission, but also in a smaller value of the phase velocity
dispersion passing through a minimum at a wavelength of approximately 1.3
microns. Restrictions on the line capacity on the part of dispersion of

the material are essentially negligible near this wavelength. Heterolasers
for this wavelength based on the GaInPAs/InP system, accomplished for the
first time in the Soviet Union, are being investigated intensively in many
laboratories of the world. Directly connected to development of fiber-
optics communications lines, some problems and investigations on waveguide
optics were considered in the lecture of Doctor B. Crosinniani (Central
Institute of Mail and Television, Italy) “"Mode Dispersion in an Optical
Fiber With Regard to Mode Coupling."

Problems of degradation are also related to a range of problems of the
practical application of heterolasers. Extensive introduction of hetero-
lasers in an optical communications system is being delayed by the inadequate
service life of serial models. Moreover, as was reflected in the lectures

of Doctor G. H. Thompson and J. Diamond, laboratory service-life tests
provide the basis to assume that this problem has been completely resolved
since service-life values on the order of 104 hr in the continuous mode

can be achieved at elevated temperatures. These results indicate that this
level of durability will also become accessible for mass production in the
near future.

The detailed processes which cause degradation of heterolasers were dis-
cussed in the lecture of Doctor H. Wulhaus (Optical Information Systems
of the Exxon Company, United States) "Generation of Dislocations in
Electrooptical Materials and Their Behavior During Optical Excitation."
Methods of electronic microphotography permit expansion of the detailed
structure of accelerated degration foci (so-called dark line and spot
defects). Luminescent topography makes it possible to follow the growth
kinetics of these defects. Doctor H. Wulhaus showed a movie in which the
evolution of degration foci is shown in real time. Experiments indicate
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the important role which mechanical stresses and dislocations in hetero=
structures play in acseleration of the degradation process.

Problems concerning the properties of deep luminescent centers in widezene
materials were illuminated in the lectures of boctor H. G. Grimmeis (Techno-
logical Institute, Lund, Sweden) "Deep Impurities in Semiconductors and
Thelr Role in Electrooptical bDevices" and of br. F, Ozel (National Conter

for Telecommunications Research (CNET), France) "the Use of Strongly Alloyed
Rare-Earth Materials in Electrooptical Devices." Brief surveys of advances
in various laboratories given outside the regular lectures by representatives
of Poland, France, Great Britain, Canada and Japan aroused great interest.

Zh. I. Alferov, who expressed the common opinion about the exceptional
Lmportance and undoubted success of the Second International School of
Semiconductor Electrooptics, gave a talk at the concluding session in the
name ¢f the participants with gratitude to the organizers of the school.
Doctor M. A. Herman, chairman of the organizing committee of the school,
gave some concluding words. He reporied that the proceedings of the Second
International School will be published in English under the title "Semicon-
ductor Optoelectronics" (Proceedings of the Second International School on
Semiconductor Opto-Electronics "Cetniewo-1978," edited by M. A. Herman,
Polish Scientific Publishers, Warszawa, 1979) and will be distributed to
the particilpants during the first half of 1979.* It is planned to hold

the Third International School of Semiconductor Electrooptics at Cetniewo
in 1981,

*Send orders to the address: ORWN (Osrodek Rozpowszechniania Widawnictw
Naukowych) PAN, Palac Kultury i Nauki, Warszawa, Poland.
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PUBLICAT1ONS

PERFORMANCE OF OPERATING SYSTEMS

Moscow KAK RABOTAYUT OPERATSIONNYYE SISTEMY (How Operating Systems Function)
in Russian 1978 signed to press 15 Jun 78 pp 25, 191-192

[Annotation, foreword and table of contents from book by E. A. Trakhtenberg,
Nauka Press 22,900 copies, 182 pages)

[Text] The book describes the principal functions of operating systems, their
structure and their mode of operation. It discusses the kinds of these sys-
tems, their reactions to signals received from external devices, the computa-
tional situxtion and the manner in which th.: computer resources are taken into
accouant, and the sequence of implementation of tasks is determined.

Foreword

The first computer employing electronic circuits to perform arithmetic and
logic operations appeared in 1945, Since then, and until the present,
computers have passed through three stages of development or, as the saying
goes, three generations. FEach computer generation differed from its prede-~
cessor in the components of its assembly, in its design and in its software.

The first-generation computers were of the vacuum tube kind. The number of
tures reached several thousand and they often broke down, so that computer
reliability was low. The operating speed of these computers also was low.
Exsentially, they were lurge ari‘hmometers. The computer then included an
arithmetic device, a control device, a memory and several external devices.
Computers of this kind virtually lacked any software except perhaps subroutine
libraries, Programs for these computers were written in instruction codes or
in primitive mnemocodes. During that period the concept of the "operating
system" had nut yet even existed.

The second-generation computers, which appeared in the 1950s, were already
built from discrete semiconductor elements. Their reliability end operating
speeds increased markedly, and their dimensions decreased. A large number of
electromechanical memory devices and input/output devices had appeared. In
operating speed these computers were markedly inferior to electronic proces-
sors and hence, to reduce processor idling, computer design was adjusted for

93
FOR OFFICTAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010034-2

FOR OFFICIAL USE ONLY

Lhee introduction of interruption systems, memory protection and special
apparatus for the control of' external devices which made it possible to
develop multiprogram systems. The computers were provided with algorithmic-
language und code translators, sophisticated subroutine librarles and service
syntems assuring the adjustment of programs and solution of problems. The
rirst operating systems, assuring packet, single-program and multiprogram
operation, had appeared. The first series of joint-program machines were
developed. The instruction system and the software of all the machines in

a series of this kind was either the same or a component part of senior
models with respect to Junior models. Models in a serles differed chiefly
in productivity and direct-access memory volume. The more "senior" a model
was, the greater its potential was.

Lastly, computers began to be designed on the moduler prineiple. That is,
they could be connected to varying numbers and types of external equipment,
varying volumes of direct-access memory, or special units could be attached
to the control device and arithmetic device, and so on.

The third-generation computers which appeared in the 19605 are based on
integrated circuits, and their reliability and operating speeds are still
higher while their dimensions are still smaller. In this connection, the
hardware potential of computers has markedly increased, and their software

has developed extraordinarily to where its cost has begun to exceed greatly
the cost of the eguipment upon which it operates. The development of series
of computers has become the norm. The productivity of a junior model in the
ceries may sometimes differ by a factor of tens of times from the productivity

- of the senior model.

The design of third-generation computers is characterized by both the further
development of the hardware devised in the second generation as well as design-
ing of new hardware. This primarily applies to hardware suprort for operating
systems, including the development of microprogram control, addressing and
input/output systems combined with fairly complex exchange devices termed
channels. A typical example of the set of program-compatible computers of

the third generation is the series of YeS computers.

The principal teature of the software of third-generation computers is the
availability of sophistice‘ed operating systems.

Operating systems are complex ensembles of programs controlling the computa-
tional process. They have relieved the programmer of a large part of the
exhausting and laborious work connected with the programming "cuisine," and
they have assured computer control. But unfortunately, their "control
apparatus' has proliferated and the information links have become numerous

and confusing.
This book in devoted to these unique and interesting control systems. It

desceribes the nature of the operating systems, the manner of their response
1o the requirements of users, and to the signals received from various external
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devices a3 well as to the operational situation arising in the course of
computations. The book also describes how these systems allow for and dis-
tribute computer resources, programs and data files, how they determine the
sequence of implementation of various tasks, and why they expend on "them-
selves"” a substantial part of computer operating time.

The book may be of interest to specialisﬁs working with computers as well
a5 to readers interested in computer methods of control.

Contents Pege
Foreword.......................................................... 3
Chapter I. Introduction to Operating SyStemS....iveeseeeneeossnss 6

Classification and Design Principles of Operating Systems...... 6
Basic Functions and Structure of Operating Systems........vvsss 13
Operating Features of Real-Time Operating SystemS.............. 21
Operating Features of Operating Systems in Computer Networks... 30
Chapter II, Organization of Exchange With External Memory Devices L4
External Memory Devices.uieeeeeeereveesoseessosoneannnnssnsaes bl
Distribution of Information on CarrierS......eeveeeeeveseecsss. L8
Organization of Date in External Memory DeviceS................ 5b
Data Exchange CONtrol........eveuviennisinsessinernnennnnennns. 63
Buffer Control. s e e eisrnosrsiereseneeeesoroconsosancessnnsssss 68
VAPt UBL MemOry . v v eeivnnneeererennrosenososeesonnnnnesoeseennss 73
Chapter III. Preparing Users' Programs for Implementation........ 91
Program ModULeS . o vueueaeteiornenrioeresnsrosnnsssseeoeonnnenns 9l

Assembling the Modules and Organizing Their LinkageS........... 93
Program Loading........................................,....... 103
L DB S . st tetnntnesossoneaoeoneessnsosnonssonasncnsenennes 107

Chapter IV. Deseription of Task and Its Preparation for
Implementation. vueeiriiiiieineiiiinreeinsreraseonnsnneeeeness 110
Description of TasKS..eiiuieeuerrrroreerareennrososnnnennnnsenes 110
Preparation of Task for Implementation.......eeeenoeevreeeennes 117
Sample Program Selection Algorithm for Solution According to
the Scalar Criterione e eierrereeereseeeresesseronncnesonananas 129
Sample Program Selection Algorithm for Solution According to
the Vectorial Criterion.ceveeeeeeeeeecosessooeosenoosoeenneonnns 137

Chapter V. Controlling the Computational Process................. 147
Initiation and Completion Of Te:KS.vvvvererrersesaroneennnnnsns 147
Interruption System.....ouuerreseeorosoreseecsosnnoosancessenss 151
Organization of Responses to Interruption......e..eveeeveve.e.. 165
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UDC 621.396,96 (078.5)
THE THEORETICAL PRINCIPLES OF RADAR

Moscow TEORETICHESKIYE OSNOVY RADIOLOKATSII in Russian 1978 signed to press
12 May 78 pp 2-4, 604-607

[Annotation, foreword and table of contents from the book by A.A. Korostelev,
N.F. Klyuyev, Yu,A. Mel'nik, A.A., Veretyagin, V.A. Gubin, V.Ye, Dulevich,
Yu.S, Zinov'yev and A.V. Petrov, Sovetskoye Radio Publishers, 18,000 copies,
608 pages]

[Text] A systematic presentation of the principles of radar, a description
of radar signals, questions of the synthesis of devices for detecting signals
and measuring their parameters, and procedures for estimating target posi-
tions or the parameters of its motion based on measurement data are given

in the book.

The presentation employs the statistical theory of space-time filtering: the
initial signal is the electromagnetic field in the aperture of the antenna,
while the radar itself is treated as a single space~time filter or correlator,
The theory of the dynamic search and detection of signals is presented, as
well as the various devices for processing them, including digital, optical
and holographic ones. The theoretical fundamentals of the statistical syn-
thesis of tracking meters are presented, and their curcuit designs, both
analcg and digital, are given. Methods of protecting against active and
passive jamming are analyzed, including polarization methods and MTI circuits.
Data is given on Lidar and thermal radar systems.

The book is intended for students in the radio engineering specialties of the
_ higher educational institutes, and can also serve as a textbook for graduate

students, engineers and scientific workers, Some 212 figures, 11 tables

and 116 bibliographic citations.

Foreword to the Second Edition
Since the publishing of the first edition of the book, “The Theoretical Prin-
ciples of Radar", the theory and engineering of radar havemoved far ahead.

However, the new achievements in radar have not been adequately reflected
in teaching literature. In this regard, the authors set themselves the goal
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in reworking the book of methodically working out and presenting the theo-
retical priuciples of radar, including new sections, from unified scientific
and procedural viewpoints. This required such a substantial revision of the
material, that the revised edition offered to the readers here is in essence
an entirely new book, both as regards contents and the method of presentation.

The basic directions of the revision reduced to the following.

1. The presentation of the material is based on the statistical theory of
space~time filtering developed in rccent years. This has permitted a de-
scription of the processes in the antenna and in the remaining receiving
channel radar for a signal in the form of an electromagnetic wave as a func-
tion of time and space, from unified viewpoints. The description of the
optimal space-time structures is given as applied to radars with phased and
synthesized antenna arrays, working with both a reflected and a thermal
signal, as well as applied to optical-holographic devices for signal pro-
cessing.,

2, The characteristics of resolving power, precision and uniqueness of the
measurements are treated as a applied to any measurable parameter or set of
parameters, which are then given specifically, something which has permitted
curtailing the volume of the material through the elimination of repetitious
calculations and discussions.

3. Dynamic signal search and detection theory is presented, which most com-
pletely describes the potential capabilities of radars having phase antennas
and which are controlled by digital computers.

4. The statistical synthesis of tracking meters (automatic tracking systems)
for a measurable process in the general case, encoded in the signal being
received, is treated for the first time in textbook literature. Such an
approach has allowed a more in-depth description of the properties of track-
ing meters in general and their specific designs, both analog and digital.

5. A description of optical and holographic signal processing methods is
included, and more attention is devoted to digital processing.

6. The characteristics of radar signals, in particular the polarization
characteristics, as well as methods of processing and selecting signals based
on the utilization of these characteristics, are presented in a more thorough
fashion.

7. A description of laser radar methods, employing laser radiation, is in-
cluded, and the information on radiothermal radar observation is expanded,
including a treatment of the questions of generating thermal images using
synthesized antennas.

The personal theoretical and procedural developmental work of authors, as
well as experience in the lectures they have given were widely used in
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- writing the book. In working on the book, the authors have made an effort
to see that in terms of its seientific and procedural level, it meets the
standards for a textbook for the higher educational institutes of the radio
engineering profession., Also given in the book is material intended for
use in the diploma project. It can be useful to engineers, graduate degree
candidates and scientific workers studying new problems in radar,

The book was written by a large collective of authors under the general
editorship of Professor V.Ye. Dulevich, and he wrote chapters 2 and 14.
Chapters 1, 4 and 5 (with §5.3 and §5.4 ), and 9-13 were written by

A.A. Korostelev, where 9.3 was written in conjunction with A.V. Petrov,
chapters 3, 6-8 and §5.3 were written by N.F. Klyuyev, chapters 15, 19,
§5,4, 17,1, 17.4 and the last section of §2.3 by Yu.A. Mel'nik, chapter

16 by V.A. Gubin, chapter 17 (with the exception of §17.1 and 17.4) by

A.A, Veretyagin, chapter 18 by Yu,S. Zinov'yev and chapter 20 by A.V.Petrov.

The authors consider it their pleasant duty to express their gratitude to
Professor S.Ye. Fal'kovich and the faculty of the department, headed up
by Professor A.G. Saybelem, for their valuable remarks and requests whkich
were made in editing the manuscript, as well as their gratitude to readers
who expressed their opinionon the first edition of the book.
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[Text] The physical laws governing the processes which occur with the
formation and epitaxial growth of films and which cause the appearance of

a transition region at the interface of the substrate and the film are
treated in this book. The elimination or redustion of these regions is
particularly important for semiconductor f£ilms in connection with their

use in microelectronic, acoustical-optical, laser and other devices. The
process of film ziowth is treated theoretically on the basis of probability
statistical and kinetic methods. The influence of the chip-substrate (mis-
matching of the lattices and the moduli of elasticity, the orientation and
processing of the surface, dopant-diffusion), the role of the growth pro-
cesses (nucleus formation, the change in the microrelief of a surface, the
distribution of the doping agents, the dynamics of dislocations), the in-
fluence of changes in the initial phase (the nonsteady-state nature of the
modes, auto-alloying through a gas or liquid phase, the change in the growth
conditions) are shown sequentially., Actual ways of eliminating transition
regions in epitaxial structures are shown and experimental results are given
which were obtained in the leading research centers in our country and abroad.

The monograph is intended for scientific workers and engineers, as well as
for students of the higher educational institutes and graduate degree can-
didates specializing in the growth of crystals and films, solid state physics,
semiconductor physics and semiconductor electronics.
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